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CHAPTER 161 


SOIL TESTS AND THEIR UTILIZATION 

1. General. The quality of the materials — Pledge rock, rock, and soils — at and 
near the dam site is of the utmost importance. Whether the dam is to be of 
concrete or earth, most of the materials for its construction will usually come 
from points not far distant from the site. 

The various tests which it is desirable to make on materials are listed and dis- 
cussed. Except in special cases test procedure has not been given because such 
procedure is readily available elsewhere. Many of the desirable tests have been 
standardized by the American Society for Testing Materials and may be found 
in their manuals. Many of the desirable tests on soils have not been standard- 
ized. For suitable procedure for such tests the reader is referred to Notes on Soil 
Testing for Engineering PurposeSj by A. Casagrande and R. E. Fadum, of the 
Graduate School of Engineering, Harvard University. 

The significance of the tests made in connection with dam foundations and the 
materials utilized in dams is emphasized by numerical examples in some cases. 

2. Terms Used in Soil Mechanics. Chapter 1 (Investigation of Dam Sites) 
includes material dealing with the sampling of rocks and soils. 

It does not appear necessary here to go into the geologic definitions of the 
various kinds of ledge rock, but because the terms which are in general use in soil 
mechanics are less well known it seems desirable to give definitions of a few of the 
more important ones. Others will be defined later as used. Reference is also 
made to “Soil Mechanics Nomenclature,’^ American Society of Civil Engineers 
Manuals of Engmeering Practice No. 22, which contains a rather complete set of 
definitions and glossary of terms on soil mechanics. An attempt has been made 
to follow that nomenclature wherever applicable. In the following paragraphs, 
the symbols adopted in A.S.C.E. Manual 22 are given in parentheses. 

Cohesion 'per unit area {c). This is the no-load unit shear strength of a given 
material. On the usual shear diagram, it is the vertical intercept at zero normal 
load. It is usually stated in terms of tons or pounds per square foot. 

Angle of internal friction (</>). If on a shear strength diagram (Fig. 10) where 
normal load is plotted as abscissas and shearing stress as ordinates a line is 
drawn connecting the yield or failure points, the angle which this line makes with 
the horizontal is considered to be the angle of internal friction of the given 
material. 

^ The nomenclature utilized in Chapters 16 to 19 agrees in so far as practicable with the 
Manual of Engineering Practice, No. 22, of the American Society of Civil Engineers, on 
;‘Soil Mechanics Nomenclature.” 
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Shear strength (s). Shear strength is generally considered to be made up of 
two components — the no load shear strength or cohesion, as above, and that 
portion of shear strength which varies directly with the normal load. The usual 
equation of unit shear strength of a soil is 

s = c + p tan <i> [1] 

where s = total unit shear strength, 

c = cohesion or no load shear strength, 
p = normal load, 

(p — angle of internal friction for the material under the condition tested. 

Units are usually in tons per square foot. For sands and gravels the value of c 
is usually zero, but for clays and ledge rock it may be a considerable part of the 
total shear strength. 

The concept and definition represented by the above equation is disputed by 
some soil mechanicians as not being substantiated by precise tests, and for 
certain clays it has been established that both c and (p may vary with different 
loads. However, it is believed to be sufficiently close to the truth throughout a 
large range of materials to be a very useful concept. 

Effective size (Dio). This is the grain size on a mechanical analysis curve 
(Fig. 2) than which 10 per cent is smaller and 90 per cent is coarser. This is the 
effective size as utilized by the late Allen Hazen. 

Uniformity coefficient (Cu), also as used by the late Allen Hazen, is the ratio of 
that size than which 60 per cent is finer to that size than which 10 per cent is finer. 



Void ratio (e). The ratio of the volume of voids to the volume of solids is 


e 


n 


1 — n 


Porosity or per cent of voids (n). The ratio of the voids to the total volume of 
the soil mass is 


n = 


e 

r+1 


Compaction, degree of {Dd)i or degree of density, is defined by the equation 

j) — e (in sample) — e (in densest state) 
e (in loosest state) — e (in densest state) 

Plastic limit {wp) is the lower limit of the plastic state, expressed as the mini- 
mum water content at which a soil can be rolled into a thread in. in diameter 
without crumbling. 
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Liquid limit {w{). The upper limit of the plastic state. It is the moisture 
content at which a trapezoidal groove of specified dimensions cut through a 
sample of soil will be just closed by 25 shocks or blows produced in a standard 
liquid limit de\ice. 

Specific gravity (G). The ratio of the weight in air of a material to the weight 
in air of an equal volume of distilled water aU tak-pn at a given temperature. 

Dry density. The weight per unit of volume of the material after the elimina- 
tion of all moisture. Thus a cubic foot sample of soil obtained from a test pit 
may weigh 120 lb but after it is thoroughly dried and all moisture is eliminated it 
may weight only 90 lb. The latter figure is said to be the dry density per cubic 
foot. 

Moisture content or water content (w). The ratio of the weight of water in a 
given soil mass to the weight of solid particles. 

Optimum water content (wq). The water content at which the mfl.YirmiTn den- 
sity is produced in a soil by a specific amount of compaction. 

Degree of saturation (S), The ratio expressed as a percentage of the volume of 
water in a given soil mass to the total volume of intergranular soil space (voids). 
Thus S = VJVv X 100. 

Coefficient of permeability ^ also referred to as transmission constant {k), is the 
quantity of water flowing through a unit area of soil at unity hydraulic gradient 
in unity time. 

3. Classification of Soils. For engineering purposes it is most convenient to 
classify soils by sizes, because the size of the particles is the most important factor 
in determining its physical behavior from an engineering standpoint. The 
mineralogical character of the particles, however, also has a bearing on the 
qualities of a soil. 

The method of determining the grading of a soil (mechanical analysis) is 
briefly as follows: 

After a thorough drying in the oven, a sample of the material is passed through 
a series of standard sieves. The shaking is done either by hand or by use of a 
rotap machine. For that portion of the sample which passes the 200 mesh 
sieve, the analysis is completed by use of the hydrometer method. This method 
is dependent on the fact that for any given material the finer the size of particles 
the slower they will settle through the water. 

Thus the density of a mixture of fine soil particles and water may be deter- 
mined by a hydrometer and the amount of solids present indicated. If the 
density of the mixture is obtained at frequent intervals, the percentage of the 
various-sized particles present may thus be determined indirectly. 

Fig. 1 gives several of the usual bases for classifying soils. Of the three bases 
given, that of the Bureau of Soils of the United States Department of Agriculture 
appears to be the more generally utilized. Accordingly, herein, unless otherwise 
mentioned it will be understood that classification is according to the U. S. 
Bureau of Soils. The Massachusetts Institute of Technology classification, 
however, has an advantage in that the finer materials are further subdivided. 

In Fig. 2 is given several mechanical analyses of different kinds of soils. It 
does not seem advisable to attempt to be too rigid in classifying soils in accord- 
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ance with their mechanical analysis. Thus a certain material might have only 
25 or 30 per cent of clay (material finer than 0.005 mm), but the material as a 
whole might exhibit most of the qualities of clay. The classifications appearing 
on the analyses curves are merely intended to be descriptive. 

Colloidal material. The fat clay in Fig. 2 probably has a considerable percen- 
tage of material finer than 0.0002 mm, which is classified as colloidal. The 
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presence of colloids in appreciable percentages may restrict the field of usefulness 
of the material. In water colloidal material appears not to obey the laws of 
gravity. The colloidal particles float around indefinitely in accordance with the 
theory of '^Brownian’' movement. Viewed through a powerful microscope, the 
colloidal particles look gelatinous or amorphous. 

The capacity of clays high in colloids for taking up large quantities of water 
makes colloids of particular interest in the design and construction of earth dams. 
Thus some clays, when sluiced in hydraulic or semi-hydraulic fiU dams, will 
expand from 1.5 to 3.5 times their volume (as determined when thoroughly dried 
at a temperature of 212 to 230° F) . A very large portion of this water is retained 
almost indefimtely and causes the mass to remain in an almost liquid or semi- 
liquid condition sometimes for many years. There is very little tendency for the 
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water to drain out of the material; consolidation, which is very slow, results 
almost entirely from pressure. 

There is a marked difference in the plasticity of some materials having particles 
of equal fineness. Thus a quartz sand composed of excessively fine particles 
(“rock flour”) vdll show practically no plasticity, whereas a colloidal clay of equal 
fineness will have great plasticity. Rock flour ha\dng an effective size as low as 
0.005 mm may usually be successfully used in the core of earth dams built by the 
hydraulic or semi-hydraulic fill method. Such material will settle out of the 

Sieve Sizes 

H 4 8 16 30 SO 65 100 ISO 200 



water in the central pool quite readily and will reach a stable condition in a 
comparatively short time. A clay high in colloids, on the other hand, when 
hydraulicked, swells 1.5 to 3.5 times its dry volume and remains in a semi-liquid 
condition almost indefinitely. Its use in high percentages is seldom advisable 
in a hydraulic or semi-hydraulic earth dam unless heavy upstream and down- 
stream fills of stable material and sufficient dimensions are included in the design 
to retain it. 

The fat clay shown in Fig. 2 has 74 per cent finer than the limiting upper clay 
size of 0.005 mm, and all the rest of the material is a silt. 

The siUy clay shown in Fig. 2 has 39 per cent finer than the limiting upper clay 
size of 0.005 mm, and except for about 10 per cent of sand all the rest of the 
material is silt. 

The clayey silt shown in Fig. 2 has 14 per cent of clay, 34 per cent of silt, and 
.most of the rest of the material is fine sand. 

The sandy silt shown in Fig. 2 has about 40 per cent finer than the limiting 
upper silt size of 0.05 mm, and most of the rest of the material is fine sand. 



624 


yOIL TESTS AND THEIR UTILIZATION 


[Chap. 16 


The silty sand shown in Fig. 2 has only 20 per cent finer than the limiting upper 
size of silt (0.05 mm) ; 22 per cent of the sample would be classed as fine gravel 
under the Bureau of Soils Classification, and the remainder is sand. 

The sandy gravel shown in Fig. 2 has 68 per cent coarser than the limiting lower 
size of fine gravel, and practically all of the remainder of the material is sand. 

The loess shown in Fig. 2 is a relatively fine wind-blown and wind-deposited soil 
which is quite common in the Great Plains section of the country west of the 
Mississippi River. To a lesser extent it also occurs east of the Mississippi River, 
particularly in the Southern States. Its principal characteristic is its uniformity 
in size. Thus only 20 per cent is coarser than 0.1 mm and only 11 per cent finer 
than 0.02 mm. Almost 40 per cent of it is finer than the limiting upper silt size 
of 0.05 mm. 

The blow sand shown in Fig. 2 has the same wind-blown origin as loess and is 
also extremely uniform in size, but it differs from loess in being much coarser. 
Thus the sample of blow sand, the analysis for which is given in Fig. 2, is coarser 
than the limiting upper size for silt of 0.05 mm and is all in the sand sizes. 

It will be noted that in naming the materials for which mechanical analyses 
are given in Fig. 2, in some cases the material is called a clay or a silt when there 
is less than 50 per cent of that material in it. This is because the finer material 
(although less than 50 per cent of total) often provides the dominating character- 
istics. Thus the silty clay given above has only 39 per cent finer than the clay 
size of 0.005 mm. 

In all field investigations, the designation of samples of soil in the field is always 
troublesome, owing to the difference in judgment of various engineers and inspec- 
tors. As a result, many field designations mean very little. Consequently some 
effort is usually made to delimit the range in which judgment may be utilized. 
It is evident that if a definite way of numbering various gradings of soils is 
adopted, the classifying could be more exact, and any material falling into a 
given classification would possess certain quite definite characteristics and quali- 
ties, Also uniformity of classification could be secured because each field inspec- 
tor and engineer engaged in classifying soils would have a set of synthetic samples 
in glass bottles for comparison with the natural material from the bore hole and 
would classify accordingly. Such a scheme, named “The Kendorco Classifica- 
tion” from the engineers who originated it,^ was utilized in connection with the 
subsurface investigations at the Quabbin Dam and Dike in Massachusetts. The 
“Modified Kendorco Classification” here presented in Fig. 3 is the work of W. I. 
Kenerson, soils engineer, and Frank E. Fahlquist, geologist, of the Providence 
District of the Army Engineers. It has been utilized in connection with the 
investigation of more than 20 dam sites in New England. 

Under this system of classification soils are divided into 13 classes of material 
instead of 9, as in the original Kendorco system. The even numbers in the 
classification are used to designate materials of relatively uniform grading and 
odd numbers to designate materials showing considerable grain size variation. 

*See Stanley M. Dore, “Permeability Determinations, Quabbin Dams,” Trans. 
Am, Soc, CivU Engrs,, Vol. 102, 1937, p. 682. 
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Thus the even-numbered mechanical analysis curves in Fig. 3 are steep and the 
odd-numbered curves have a relatively flat slope. Fig. 3 shows the limits of soil 
classes in the Alodified Kendorco Classification and Table 1 gives a description of 
the classes. The authors believe that one of the greatest advantages of the 
scheme is that with a little practice it is possible to classify a soil by visually 
comparing it \Nith a set of standard samples. 


No. Mesh per Inch Hydrometer Analysis 



Fig. 3. Modified Kendorco Classification, limit of soil classes. 


TABLE 1 

Modified Kendorco Classification op Soils 

Class Description of Material 

1 Relatively clean gravel. A material the bulk of which consists of gravel. 

Contains a small per cent of coarse sand but very little, if any, fine sand. 

2 Uniforin coarse to medium sand. A material the bulk of which consists of 

coarse to medium sand. Contains little gravel and fine sand. 

3 Variable gravel and coarse to medium sand. A mixed material of which the 

controlling part is coarse to medium sand. Contains much gravel and 
little fine sand. 

4 Uniform medium to fine sand. A material the bulk of which consists of 

medium to fine sand. Contains a small per cent of grains larger than 
medium sand and smaller than fine sand. 

5 Variable medium to fine sand. A mixed material of which the controlling part 

is medium to fine sand. Contains much coarse sand and gravel and little 
fine silt. 

6 Uniform fine sand to coarse silt. A material the bulk of which consists of fine 

sand to coarse silt. Contains a small per cent of grains larger than fine 
sand and smaller than coarse silt. 
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TABLE 1 — Continued 

Modified Kendorco Classification of Soils 

ClasB Description of Material 

7 Variable fine sand to coarse silt. A mixed material of which the controlling 

part is fine sand to coarse silt. Contains much coarser sand and gravel 
and nttle fine silt. 

8 Uniform coarse to inedium silt. A material the bulk of which consists of 

coarse to medium silt. Contains small per cent of grains larger than 
coarse silt and smaller than medium silt. 

9 Variable coarse to medium silt. A mixed material of which the controlling 

part is coarse to medium silt. Contains much sand, little gravel and fine 
silt. 

10 Uniform medium to fine silt. A material the bulk of which consists of medium 

to fine silt. Contains a small per cent of clay and grains larger than 
medium silt. 

11 Variable medium to fine silt. A mixed material of which the controlling part 

is medium to fine silt. Contains much coarser silt, sand, and possibly 
gravel and Httle clay. 

12 Uniform clay. A material the bulk of which consists of particles ranging 

from coarse clay to colloidal sizes. Contains a small per cent of silt grains. 

13 Variable clay. A material composed of clay and much coarser material 

ranging in size from silt to coarse sand. Possesses characteristics of clay. 

4. Field Laboratory. Some sort of field laboratory is desirable at or near the 
i ob during the period when investigations are being made. Whether it is decided 
to build the dam of earth or concrete, the services of a laboratory will be required 
both during the preliminary period and also for control purposes during construc- 
tion. The decision as to whether to establish one during the preliminary 
period will often be determined by nearness to the work of an existing suitably 
equipped laboratory. 

A completely equipped laboratory for making soil tests, tests on concrete ag- 
gregate, and tests on concrete and rock may be a necessity on a large job. Cost 
of equipment will range from $2,000 to, say, $15,000, and the personnel required 
in sampling and testing will range from 3 or 4 men to 30 or 40, according to the 
size of the job and the problems involved. 

Not all of the personnel need be trained and experienced men. On work of 
magnitude, the testing and sampling work is usually divided into two divisions 
with a soils engineer in charge of one branch and a concrete technician in charge 
of the other. 

On a job of moderate size, it is usually advisable to obtain the services of an 
existing well-equipped laboratory and to have on the job only the necessary 
equipment for sampling and making the simpler tests. Even in this case, how- 
ever, it is essential to have on the job a trained soils engineer for supervising the 
sampling operations because even the most precise testing of the best laboratory 
may be absolutely meaningless if sampling is ignorantly done. 
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A soils laboratory which might be suitable in connection with the investigation 
of several dam sites of moderate size might include the following equipment. 

1. Mechanical analysis sieves, together with a rotap machine for shaking them. 

2. Soil hydrometers and flasks for determining the percentages of the sizes finer 

than can be obtained by sieves. 

3. Balances for weighing small fractions of sample. 

4. Scales for weighing materials. 

5. Electric shakers such as are used in soda water fountains for hydrating the 

portion of samples on which hydrometers are to be used. 

6. Electric drying oven. 

7. Flasks for specific gravity determination. 

8. Permeameters for determining transmission constants of various materials. 

9. Consolidometers for making consolidation tests. 

10. Horizontal shear machine for making shear tests on materials (silts, clays, 

and sands) as in Figs. 4 and 5. 

11. Equipment for determining tannic acid contents of sands and gravels for 

concrete. 

12. Electric refrigeration for making freezing and thawing tests of coarse aggregates 

for concrete. 

13. Dial extensometers. 

14. The usual trays, pans, jars, etc., without which any laboratory would be 

incomplete. 

6. Tests of Soils Consisting Mainly of Coarse Sands and Gravels. For 
coarse sands and gravels tests should, in general, be made to determine the fol- 
lowing properties unless the answers are already known within sufficiently close 
limits for the purpose in hand. The designations in parentheses refer to test 
procedure specifications of the American Society for Testing Materials. 

1. Mechanical analyses (Ell-26) (C41-36) (C33-37T). 

2. Permeability (determination of transmission constant or permeability coef- 

ficient unless permeability is known within sufficient limits from (1). 

3. Void ratio. 

4. Presence of soluble material. 

5. Specific gravity of particles (C127-36T) (C128-36T). 

6. Dry density (dry weight per cubic foot) (C29-27). 

7. Direct shear tests not always necessary vdth clean coarse sands and gravels, as 

shear strength is usually high and such materials are known to possess an 

angle of internal friction in excess of 30®. 

6. Tests of Soils Consisting of Clays, Silts, and Fine Sands. For clays, silts 
and fine sands, the following tests utilizing xmdisturbed samples are applicable. 
Designations in parentheses refer to test procedure specifications of the American 
Society for Testing Materials. Laboratory procedure in the testing of soils for 
engineering purposes has not yet been fully standardized. One of the best brief 
summaries of approved laboratory procedure for the tests mentioned below is 
given in Notes on Soil Testing for Engineering Purposes by A. Casagrande and 
R. K Fadum, Soil Mechanics Series No. 8, published by the Graduate School 
of Engineering, Harvard University. 
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1. Mechanical analysis (D422-39). 

2. Hydrometer analysis of fraction passing finest sieve in above. ^ 

3. Permeability tests (not necessary in many cases). 

4. Void ratio. 

5. Moisture content. 

6. Plasticity limit.® 

7. Liquid limit.® 

8. Specific gravity of particles with Le Chatilier flask (C77-40). 

9. Density (dry weight per cubic foot). 

10. Percentage of soluble materials. 

11. Direct shear tests. 

12. Triaxial shear tests (occasionally, particularly where critical density of very 

fine sands is in question). 

13. Consolidation tests. 

14. Optimum moisture content. 

15. Expansion after consolidation. 

16. Shrinkage limit. 

7. Tests of Concrete Materials. Large samples of quarried rock should be 
broken down in a commercial crusher, as a laboratory crusher may not give the 
same grading or shape of particles. The designation in parentheses refers to 
Test Procedure Specifications of the American Society for Testing Materials, 
Philadelphia, Pa. 

1. Mechanical analyses (El 1-26), (C41-36). 

2. Voids in concrete aggregate (C30-22). 

3. Unit weight of aggregate (02^27). 

4. Freezing and thawing tests. 

5. Soundness of aggregates by use of sodium sulphate or magnesium sulphate 

(C88-37T). 

6. Organic impurities in sands for concrete (C40-33). 

7. Abrasion of rock (D2-33) (C131-37T). 

8. Specific gravity of particles (C127-36T) (C128-36T). 

9. Percentage of soluble material. 

10. Crushing strength of rock from which aggregates are made. 

11. Crushing strength of concrete cylinders made from various mixtures of the 

aggregates and standard Portland cement (C31-33) (C39-33). 

12. Structural strength of fine aggregates using constant water cement ratio 

mortar (C87-36). 

13. Toughness of rock (D3-18). 

8. Tests of Foundation Materials. If an earth dam is to be constructed on a 
soil foundation, the tests already given in Arts. 5 and 6 are applicable. If the 
foundation is ledge rock, the quality of the rock should be tested unless its quality 
is unquestionable. Often when ledge rock is once encountered and the weathered 
zone is removed the strength of the rock is so great in relation to that of the con- 
crete which will be utilized in the structure that there is no point in learning just 
how great it is. With many ledge rock foundations, however, this is not true, so 
thorough tests are required. 

® There is an American Society for Testing Materials procedure for this test, but it is 
not generally accepted by soils technicians. 
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This equation is not always strictly true in the case of some cohesive soils, but 
it is nevertheless a useful tool. For some fat clays the value of c and <f> may vary 
between quite vide limits according to the conditions of loading. 

In those shear machines which pro\ide only uncontrolled strains, such as a 
weighted lever, instead of the pro\ing ring, it is impossible to obtain the right- 
hand end of the curvx below the peak. In such cases the actual ultimate 
strength cannot be determined, and recourse is had to noting the load when the 
left-hand rising portion of the curve exhibits a break or “knee,” as at Y in Fig. 9. 
In some tests this knee is pronounced and is fairly close to the horizontal line cor- 
responding to the ultimate strength, and it is assumed to be the ultimate strength. 



Vertical Load Tons per sq ft 

Fig. 10. Results of direct shear tests on a clayey sandy silt (same material as in Fig. 9). 


In other cases, as in Fig. 9, it is not pronounced and only a vizard could pick out 
the alleged yield point. In Fig. 9 the so-called jield point is much below the 
ultimate strength. 

It is, of course, better to use a type of machine which vill give the true ultimate 
strength instead of the yield point. In any event all reports of shear tests should 
state which is used. 

Note that, for this particular material, the ultimate strength is not materially 
less than the maximum point and considerably greater than the yield point. 
The difference between the maximum point and the ultimate strength may be 
large in some cases and approach zero in others. 

Suitable procedure for shear tests and for other tests on soils which in many 
cases are of equal importance will be found in Notes on Soil Testing for Engineer-- 
ing Purposes, by A. Casagrande and R. E. Fadum, Soil Mechanics Series No. 8, 
published by the Graduate School of Engineering, Harvard University. 

10. Consolidation and Its Significance. Consolidation as applied to soils 
means the process of becoming denser. When a soil is deposited from water or 
from the air, it is in a relatively loose state. As more and more material is 
deposited the soil first deposited becomes denser and denser as the superimposed 
load becomes greater and greater. 
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Under any given load a particular soil will finally reach a density such that it 
will not become any denser so long as the condition of loading remains the same.® 
The soil is then said to have reached a state of 100 per cent consolidation under 
that loading. Thus the soil foundation of an earth dam 100-ft high might have 
reached 100 per cent consolidation within, say, 1 year after the completion of 
construction, but if the height of the dam was then increased to 200 ft, the foun- 



Fig. 11. Details of consolidation device as used at Zanesville, Ohio, Laboratory, 

U. S. Army Engineers. 

dation would not be at 100 per cent consolidation until some time after the 200- 
ft dam was completed. In other words consolidation is for a certain loading. 

There are cases, however, where the actual settlement due to the construction 
of a 200--ft dam is extremely slight because the soil had previously been consoli- 
dated by a tremendously great load (‘‘preconsolidation loading'') and had not 
greatly expanded on the release of that load. 

Tor instance, the void ratio of the Trinity sands (Texas and Oklahoma), is 
sometimes as low as 0.20, which means a dry density of 140 lb per cu ft. Only 
the load of a very deep overburden could have caused even a very well graded 
sand to reach such a density. Consequently, no one would worry about settle- 
ment no matter how great the load of the dam placed upon it. The Trinity 

® If a soil is vibrated as by an earthquake it may settle and become denser even though 
the amount of the superimposed load may not change at all. 
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sands would be at one end of the consolidation range while at the other end 
would be some of the very fat clays which have been subjected to ver>" little load. 

11. Void Ratio. The void ratio, which is the ratio of the volume of voids to 
the volume of solids, is used a very great deal and is determined in the laboratory 
as indicated by the following formula: 


7(62.56?) - W 
^ W 

in which e = void ratio, 

y z=z volume of the sample in cubic feet, 

G = specific gravity of the grains, 

W = weight of the sample (after drying) in pounds. 


It is a simple matter to translate void ratio to porosity, which is the same as 
per cent voids. Thus 


n = 


e 

T+'e 


in which n = porosity and e = void ratio. 

12. Consolidation of Coarse Sands and Gravels. Coarse, well-graded sands 
and gravels, particularly if they are water deposited, reach a state close to 100 
per cent consolidation very promptly after any given load is applied. Such 
materials seldom give concern to the engineer as far as consolidation is concerned. 

13. Consolidation of Fine Sands. Fine sands will also consolidate very 
promptly imder load, but even though they consolidate 100 per cent under the 
given load, they may not be in a very stable condition, particularly if the particles 
are relatively uniform in size. Casagrande has called attention to the critical 
condition of some such soils. 

From his researches Casagrande determined that every cohesionless soil has a 
certain critical void ratio, void ratio at which it can undergo deformation without 
change of volume. The material is then said to be at its “critical density. 

If a cohesionless soil is being deformed, as at failure in a direct shear machine, 
and it continues to expand in volume, it is below critical density (i.e., more dense 
than critical density). Materials that have a density greater than critical 
density are apt to be very stable, a condition which is usually found in nature in 
coarse, well-graded sands and gravels. 

On the other hand, if a cohesionless soil contracts on deformation it is above 
critical density (i.e., less dense than critical density). With material in this 
condition, if saturated and under load, slight deformation will transfer part of 
the load to the water and a flow slide may occur. In nature fine uniform sands 
in a loose natural state may be very close to this condition. Consequently such 
materials, which have high void ratios (or low unit dry weights), should be re- 
garded with suspicion and should be carefully investigated. 

In Fig. 12 is shown the critical void ratios (“critical density”) of a blow sand as 
determined from shear tests. 
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In any section of the country which is arid or semi-arid, the engineer should 
view the soils with suspicion insofar as they might be used for the foundation 
of a dam or for its embankment. 

If a material that has never been really wet is to be utilized as the foundation 
of a dam under conditions such that it will always be saturated, its behavior 
should be thoroughly investigated. The dry density of a foundation material is 
at least some indication of the possibility of trouble. If one finds that the loess ® 
foundation of an earth dam has a dry density of, say, 73 lb per cu ft, he should at 
- least take warning and investigate 

the matter further. 

.68 An earth dam in an arid country 

was constructed of loess on a foun- 

“I ^>66 dation of sandy loess. The loess in 

^ ^ the embankment was moistened 

€* 0.630 \ properly compacted, and its 

If V density was 103 lb per cu ft. 

2- ""x \ ^--Normal Load The foundation consisted of prac- 

^ ^ -g=Qj98-j^ V ^ ^ tically the same material but in its 

\ natural loose state had a dry 

0-58 density of only 73 to 80 lb per cu ft. 

I \ - 2 . 16 Tons ft After the headwater was raised 

|-56 to about 50 per cent of the height 

1 \ 'v originally intended, piping below 

\ V the toe caused the cessation of 

' reservoir filling and it became nec- 

*1.0 -0.5 0 +0.5 +1.0 +1.5 essary to sink exploratory shafts 

Contraction Expansion make Other investigations. 

Pea oiume Change investigation revealed that 

Fig. 12. Critical void ratios of a “blow sand” irregularly, 

determined from shear tests. . . i • • • i , 

As soon as the nsmg reservoir level 

saturated the dry loose loess foundation, the loess contracted irregularly, leaving 
large voids under the embankment. 

In other similar cases the presaturation of a loose, uniform, fine sand founda- 
tion has resulted in prompt consolidation. 

At Franklin Falls, N. H., a loose fine and rather uniform sand foundation was 
consolidated by blasting so that a settlement of about 3 ft was induced in the 
foundation before the application of the load of the embankment. 

14. Consolidation of Clays and Silts. In contradistinction to the consolidation 
of sands and gravels, the consolidation of clays and fine silts requires a much 
greater period of time and their rate and degree of consolidation may be a matter 
of grave concern to the engineer. 

Assume that at the site of a proposed earth dam, the valley fill is composed of 
lenses of silty clay interspersed with deposits of sandy material. The material 
available for building the dam has been investigated and it has been found that 

® Loess is a uniform fine sandy silt. See Fig. 2. 


-1.0 -0.5 0 +0.5 +1.0 +1.5 

Contraction Expansion 
Peak Volume Change 

Fig. 12. Critical void ratios of a “blow sand 
determined from shear tests. 
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utilizing 1 on 3 slopes, the dam embankment itself will have an adequate factor 
of safety. 

As so often happens, this leaves the foundation as the critical feature of the 
structure. Quick shear tests made on undisturbed samples from the silty clay 
lenses indicate that at present the foundation is not strong enough to safely 
support the load of the embankment. The question is, “Under the increasing 
load as the dam is constructed will the foundation consolidate enough to be safe 
both during construction and after the completion of construction? It is this 
question that we should be able to answer by means of properly interpreted con- 
solidation tests on undisturbed samples of the material. 

15. Consolidation Device. There are several different forms of consolidation 
devices, but most of them are quite similar to that shown in Fig. 11. A meas- 
ured downward pull on the yoke results in a predetermined unit compression on 
the soil sample. Porous plates at the top and bottom of the sample permit it to 
drain readily, and an Ames dial measures the contraction under any given load. 


Sieve Sizes 



Fig. 13. Mechanical analysis of a sandy silty clay. 
Note. Figs. 13 to 17 all deal with the same soil. 


A given vertical load or pull is applied and the amount of contraction (or consoli- 
dation) is measured at intervals by reading the Ames dial. The void ratio, 
which is known at the start of the test, may be computed for any given move- 
ment (or consohdation) during the test. When the sample has reached full 
consolidation under the given load, a greater load is put on and the dial readings 
continued until complete consolidation is reached imder the new load, and so on 
for as many different loadings as desired. 
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0.02 0.03 0.06 0.10 0.2 0.3 0.4 0.6 0.8 1 2 3 4 5 6 8 10 15 20 

Pressure - Tons per Square Fool 


Fig. 14. Pressure- void ratio curve. Undisturbed sample saturated during test. Initial 
thickness of sample = 2.5 in. Cross-sectional area of sample ** 24.80 sq in. 

Note. Figs. 13 to 17 all deal with the same soil. 



Time - Minutes (Square Root Scale) 

Fig. 15. Time-percent consolidation curves. Samples consolidated at 0.56 tons per sq ft 
before addition of final load. Consolidated samples used for consolidated shear tests. 
Undisturbed samples saturated during tests. Cross-sectional area = 24.80 sq in. 
Initial thickness = 2,5 in. 

Note. Figs. 13 to 17 all deal with the same soil. 
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From the data obtained the void ratio versus per cent consolidation pressure 
curves may be plotted as in Fig. 14. 

In Fig. 15 is given the time consolidation curves, and Fig. 13 gives the mechani- 
cal analysis of the material. It should be noted that the curves in Fig. 13 to 17 
are for the same material, a silty clay about 30 per cent of which is clay finer th 5 :^.n 
0.004 mm. 

16. Effect of Consolidation on Shear Strength. It now becomes necessary to 
know the effect of consolidation on the shear strength of the material, and at this 



Fig. 16. Quick shear strength curves. 
Note. Figs. 13 to 17 ali deal with the same soil. 


point it is easy to go astray in interpreting the results. A good way to interpret 
the results is to plot curves giving the shear strength of the material for various 
percentages of consolidation based on the various tests under different vertical 
loads. To do this, consolidated quick shear tests and quick shear tests should 
both be taken for the same material. The quick shear test shows the strength 



0 123456789 10 11 12 


Vertical Load, Tons per sq ft 
Fig. 17. Consolidated shear strength curves. 

Note. Figs. 13 to 17 all deal with the same soil. 

of the material now and the consolidated shear test the strength as it will be when 
fully consolidated under the given load. 

Fig. 16 shows the results of such quick shear tests and Fig. 17 the results of 
consolidated quick shear tests. 

Before we can compute from the above data the shear strength at various per- 
centages of full consolidation we must determine the time required for consolida- 
tion in the prototype. 
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17. Time of Consolidation. The time required for the given material to reach 
various percentages of consolidation in the thin test specimens (2.5 in. thick in 
this case) drained top and bottom, under several different conditions of unit 
loading, is shown in Fig. 15. Thus in the test a loading of 12 tons per sq ft 
(equivalent to that of a dam, say, 200 ft high) will result in the specimen being 90 
per cent consohdated within 400 min. Terzaghi showed that, for given unit 
loading, the time of consolidation varied as the square of the thickness of the 
layer. Thus 


_ Td^ 
D2 


[ 2 ] 


where t = time of consolidation in model, 
d = thickness of layer in model, 

D = thickness of layer in prototype, 

T — effective time of consolidation in prototype, which in the case of 
steady construction is equal to one-half the elapsed time. 


Example, What is the time period in laboratory test corresponding to a 4- 
month period of consolidation in the prototype for a plastic layer 18.5 ft thick, 
having, just above and below the plastic clay, layers of material which, as com- 
pared with the plastic clay, are tremendously pervious. The latter condition is 
simulated by the drainage conditions produced by the two porous stones used 
in the test (Fig. 11). A 4-month period of consolidation, assuming construction 
at an even rate, would be equivalent to an effective time of consolidation of 2 
months. 


4 X 30 X 24 X 60 
2 


86,500 min 


dj thickness of the laboratory consolidation specimen, is 2.50 in. 


_ 86,500 X 2.52 
I 8.52 X 122 


10.95 min, or 11 min 


Should the protot 3 rpe be drained at the top, instead of the top and bottom, use 
one-half the thickness of the model layer or d = 1.25 in. 

Referring to the time per cent consolidation curves in Fig. 15, it is found that 
for a normal load of 8 tons per sq ft and a time of 11.0 min, the per cent consoli- 
dation reached would be 46 per cent, which is also the per cent consolidation that 
would be reached in 4 months in the prototype. 

Si mila rly for a 12 -ton normal load, it is foimd that the per cent consolidation in 
the prototype would be 55 per cent in 4 months (or 11.0 min in laboratory test). 

18. Settlement. It is frequently desirable to compute the amount of settle- 
ment which will result from a certain amoimt of consolidation. Per cent change 
in volume due to consolidation is 

ei — 62 


1 + ei 


[ 3 ] 
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S = (^1 ~~ ^ 2 ) 
(1 + ei) 

where S = settlement in feet, 

k = thickness of layer in feet, 
ei = void ratio before consolidation, 

$2 = void ratio after consolidation. 


h 



[4] 


Example. In an earth dam being constructed on a somewhat jdelding founda- 
tion it is desired to know what surcharge should be placed on top of the dam to 
compensate for the settlement. The dam is 70 ft high and the normal load at 
center line of the dam is 4 tons per sq ft. 
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Fig. 18 gives results of a consolidation test on the plastic stratum in the foun- 
dation which has a thickness of 50 ft. From Fig. 18 it is noted that initial no 
load void ratio (6i) is 0.75, whereas the void ratio for the material after it has been 
consolidated under a load of 4 tons per sq ft is 0.67. 

„ (0.75 ~ 0.67)50 

^ “ 1.75 

>8 = 2.28 ft, which is theoretically the amount which should be added to the 
proposed height of the dam in order to compensate for settlement after the com- 
pletion of the process of consolidation. In an actual case a number of such tests 
would be made at various elevations in the foundation. 

The above method is approximate but considerably on the safe side since it 
assumes, first, that the unit pressure on the foundation, at the center of the dam, 
corresponds to the maximum height of the dam, whereas the center load spreads 
before reaching the foundation. Secondly, it assumes that the center load 
continues down through the foundation without spreading. 

19. Optimum Moisture Content If a dam is to be built by hydraulic fill 
methods, it matters little what the moisture content of the borrow pits may be, 
but if the dam is to be built by rolled fill methods, the moisture content may be of 
very great importance. 

Borrow pits of sand and gravel if practically free from silt and clay may be 
extremely wet without causing trouble in rolled fill construction, but borrow pits 
for the impervious sections of rolled fill dams which contain silts and clays may 
cause serious trouble in a rolled fill if too wet. If the void ratio of the silt and 
clay in the borrow pit is higher than it would be in the earth dam after full con- 
solidation and voids are filled with water, it may be impracticable to compact the 
material thoroughly by rolled fill methods. 

If the material is too much on the wet side of the plastic limit (see Art. 2) it will 
certainly give trouble in securing proper compaction in the embankment. 

In the construction of any rolled fill earth dam it is necessary to know what 
limitations to place on moisture of the borrow pit material being delivered on the 
fiU. If the material is too dry, water may usually be added to bring it up to the 
desired moisture content, but if too wet serious trouble may be caused. 

Tests and control methods developed by Proctor ^ have proved very useful in 
connection with rolled dam embankment containing silts and clays. Utilizing 
the given borrow pit material, specimen samples are made up in a compaction 
cylinder utilizing various percentages of moisture and using the standard method 
of compaction. 

In the laboratory test a standard degree of compaction is obtained by using 
the 6 by 4 in. cylinder shown in Fig. 19. With the cap piece on, the cylinder is 
filled about half full of the material and then a S^^lh tamping rod having a base 
area 2 in. in diameter (using the guide tube) is dropped on the material 25 times 

^ See R. R. Proctob, “Fundamental Principles of Soil Compaction,” JSng, News-Record, 
Aug. 31, 1933, p. 245; “Description of Field and Laboratory Methods,” Eng. News-Record 
Sept. 7, 1933, 
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for a height of 18 in., so that after three layers (approximately equal in height) 
have been placed and tamped the material -will extend above the top of the ^Im- 
der proper and up into the cylinder cap about 1 in. The cap is then removed and 
the surplus is out off. Density and moisture content are determined for the 

sample thus obtained. ^ 

The same material is utilized several times over in the test after additional 
moisture is added to the sample and thoroughly mixed through it. In some 
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Fig. 19. Proctor compaction test equipment for determining optimum moisture content. 
(From “iVofes on Principles and Application of Soil Mechanics, '' U. S. Engineer Office, 
Fort Peck, Mont.) 


laboratories a mechanical arrangement is utilized for raising and dropping the 


Fig. 20 shows a Proctor analysis for a clayey silt obtained with 25 blows. 1 he 
optimum moisture content is the moisture content which gives maximum density 
(dry weight per cubic foot) after utilizing the standard method of compaction. 
In Fig. 20 it is shown that for this particular material the optimum moisture con- 
tent is about 18 per cent. For a dry weight it is 107 .6 lb per cu ft or for a wet 

weight 127.2 lb per cu ft. , . , • 

It win be noted from Fig. 20 that for all densities except the one which gives 
optimum moisture content there are two moisture contents which give the same 
density. Thus, take a wet density (weight per cubic foot of embankment as 
placed) of, say, 124 lb per cu ft. From Fig. 20 this may be obtained either whih a 
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moisture content of 16.8 per cent or 20.4 per cent. By using more than 25 blows 
a greater density can be obtained and the optimum moisture content will be less. 



Per Cent Moisture 

Fig. 20. Proctor analysis for a clayey silt. 

In the field the indication of the laboratory test is followed as closely as may be. 
The author believes that in general it is better to keep a bit on the dry side of the 
laboratory indications. Thus in the above case if 124 lb per cu ft was the wet 
unit weight of the embankment, he would aim for a moisture content of 16.8 per 
cent rather than 20.4 per cent. (See Arts. 12, 19, and 30 of Chapter 19.) 

In connection with compaction of rolled fills of plastic materials, it is not 
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always desirable to obtain the maximum possible density. It is better not to 
have density of such fills greatly exceed the density which it -would reach at 100 
per cent consolidation for a fill of that height and material. 

Proctor also developed a soil plasticity needle in the head of which a spring is 
utilized to indicate the pressure required to force a needle of given base area * 
into the soil at a velocity of ft per sec. By calibrating the needle against the 
compaction test it is possible to use the needle reading as an index to the moisture 
content for any given material. From moisture content, unit weight may be 
determined for such curv^es as those of Fig. 20. 

In Fig. 20 is shovni the calibration of a Proctor needle for the particular mate- 
rial utilized in that test. The Proctor needle is a very useful tool for inspectors 
on some embankments. The presence of gravel or small stones in the embank- 
ment makes the reading on the Proctor needle less reliable, and other quick 
methods for detennining density and moisture content in the field have accord- 
ingly been devised. (See Art. 19, Chapter 19.) 



Disk to Retain Sample 

Fig. 21. Typical constant head permeameter. {From '^Note^ on Principles and Applica- 
tion of Soil Mechanics U. S. Engineer Office, Fort Peck, Mont.) 

20, Permeability. All soils are permeable because it is possible for water to 
pass through the pores or interstices of the soil mass. Thus silt is more permea- 
ble than clay, and sand is more permeable than silt. 

® Usual areas for the needle are )^o+h, Hoth, and J^^th sq in 
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The determination of the permeability of any given soil is relatively simple in 
principle, but a carefully worked out technique is just as essential here as with 
other soil tests. For instance, in order to obtain accurate and consistent results, 
it is desirable to avoid entraining any air in material being tested and it is also 
desirable to utilize only water from which the entrained air has been removed. 
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Fig. 22. Range in coefficient of permeability and application of methods for determining it. 

{From Notes on SoU Testing for Engineering Purposes hy A. Casag^ande and R. E. 

Fadum, Graduate School of Engineering, Harvard UniversUy ^ 

Both constant head and variable head permeameters are used and have their 
particular application. The constant head permeameter is suitable for use with 
gravels, sands, and coarse silts. These are the materials whose permeability we 
are most interested in, and fortunately tests with the constant head permeameter 
are relatively simple. Fig. 21 shows a typical constant head permeameter. 

21. Flow of Water Throtigh Soils. The flow of water which takes place 
through soils is extremely slow as compared with flow through pipes and channels. 
Flow through soils is usually referred to as laminar flow, in which velocity is 
directly proportional to the hydraulic gradient instead of the square of the 
velocity being proportional to the gradient as in turbulent flow. 

Many experimenters have proposed formulas for expressing the relationship 
between flow through soils and the slope of the hydraulic gradient. 
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The Darcy formula ® is generally used for expressing the flow relationship 
through soils. 


Q — MA 


[5] 


where Q = discharge in given unit of time, 
i = hydraulic gradient, 

A = area of soil mass through which flow takes place, 
k = ‘‘coefficient of permeability’’ for the given material, 
. _ A _ difference in head 
I length of path 


k is the discharge through the unit area at unity hydraulic gradient. All 
factors affecting flow inherent in the nature of the material are comprised in the 
constant k. 

Velocity through soil is 

V — hi [6] 

where v is gross velocity over cross-section, including both soil particles and 
voids. If velocity of water through interstices is desired, 


Id 


= p 


m 


where vi = net velocity of water through interstices. Porosity P is used as a 
decimal and k and i have meanings given above. 

22. CoeflSlcient of Penneability. Several factors affect the value of A, the 
coefficient of permeability used in Eqs. 5, 6, and 7 for any given material. 
Among these factors are: 

(а) The size and grading of particles. 

(б) The density of the material as measured by porosity (or void ratio). 

(c) The temperature of the water. 

(d) The presence of organic matter. 

(e) The presence of colloidal material. 

The value of the coefficient of permeability should be determined by test for 
the materials at the dam site and in the borrow pits. The value of k is of great- 
est importance for gravels, sands, and silts. For the clays it is so small anyway 
that its exact value is not usually a matter of great importance. 

In Fig. 23 are shown several mechanical analyses of a loess at Kingsley Dam. 
It will be noted that they are all much alike in grading. Fig. 24 shows the influ- 
ence of density on the permeability of the same samples of loess. 

Fig. 22 shows graphically the range in the coefficient of permeability for dif- 
ferent materials as well as the methods applicable for determining the coefficient 
for the various materials. 

With many alluvial deposits the permeability coefficient in a horizontal direc- 
tion may be several times that in a vertical direction, but some loess deposits 

® Derived by H. Darcy at Paris in 1856 to express results of his experiments. 



648 


SOIL TESTS AND THEIR UTILIZATION 


[Chap. 16 


on the other hand are many times as pervious in a vertical direction as in a 
horizontal direction. The coefficient of permeability should be determined ex- 
perimentally for the various materials at the site of an earth dam and for the bor- 
row pit material which may be used in constructing the dam. Nevertheless, it 
is frequently necessary to make estimates of seepage or ground-water flow where 
percolation tests are not available. In such cases it is assumed that mechanical 



Colloids 


Clay 


Silt 


VeiyFinJ Fine 
Sind Sand 


I Midium Goars* Fine 
Sand Sand Gravel 


Bureau of 
Soils Classification 


Fig. 23. Mechanical analyses of sandy loess used in core of Kingsley Dam, Ogallala, Nebr. 
(Courtesy W. J. Turnbull.) 


analyses are obtainable because they can be made so quickly and simply. Table 
2 gives the approximate permeability coefficient k for various soils from clay to 
fine sand. 

The table represents the approximate average conditions met in the field for 
water-deposited materials and is based on several hundred percolation tests at 
Zanesville, Fort Peck, Kingsley, and Quabbin Dams. 

As already indicated, no degree of accuracy can be expected unless the per- 
meability coefficient is determined by carefully controlled experiments. 

While size of particles and grading are the primary factors determining the 
value of the coefficient of permeability, density and temperature have a marked 
effect. The higher the temperature the greater the flow, and the denser the 
material the less the flow, other things being equal. These factors were not 
considered in the construction of the above Table 2. 
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TABLE 2 

Approximate Permeability Coefficiexts of ^ arious Soils 
Based ox 20 Per Cext Size 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 


Coefficient 

Coefficient 

Coefficient 

Coefficient 



of permea- 

of permea- 

of permea- 

of permea- 

U. S. 


bility 

bility 

bihty 

bility 

Bureau 

20% Size 

k X 10+^ 

k X 10+^ 

k 

k 

of Sod 

(mm) 

(cm per sec) 

(ft per min) 

(ft per min) 

(ft per >t) 

Classification 

0.005 

0.030 

0.059 

0.0000059 

3.10 

Coarse clay. 

0.01 

0.105 

0.206 

0.0000206 

10.84 

Fine silt. 

0.02 

0.400 

0.787 

0.0000787 

41.40' 


0.03 

0.850 

1.675 

0.0001675 

88.20 

• Coarse silt. 

0.04 

1.750 

3.450 

0.0003450 

181.50 

0.05 

2.800 

5.510 

0.0005510 

290.00 


0.06 

4,60 

9.060 

0.0009060 

477.0 ' 


0.07 

0.08 

6.50 

9.00 

12.80 

17.75 

0.001280 

0.001775 

673.0 

935.0 

Very" fine 
sand. 

0.09 

14.00 

27.60 

0.002760 

1,450.00 

0.10 

17.50 

34.50 

0.003450 

1,815.0 


0.12 

26.00 

51.30 

0.005130 

2,698.0 ' 


0.14 

38.00 

75.00 

0.007500 

3,940. 


0.16 

51.00 

100.00 

0.010000 

5,256. 

‘ Fine sand. 

0.18 

68.50 

135,00 

0.013500 

7,100. 

0.20 

89.00 

175.00 

0.017500 

9,200. 


0.25 

140.00 

276.00 

0.027600 

14,500. . 


0.30 

220.00 

434.00 

0.04340 

15,780. 


0.35 

320.0 

630.00 

0.0630 

33,150. 

Medium 

sand. 

0.40 

450.0 

886,00 

0.0886 

46,600. 

0.45 

580.0 

1,142.0 

0.1142 

60,000. 

0.50 

750.0 

1,480. 

0.1480 

77,800. . 


0.60 

1,100. 

2,160. 

0.2160 

113,500. ' 


0.70 

1,600. 

3,160. 

0.3160 

166,200. 


0.80 

2,150. 

4,240. 

0.4240 

223,200. 

Coarse sand. 

0.90 

2,800. 

5,520. 

0.5520 

290,300. 


1.00 

3,600. 

7,100. 

0.7100 

373,500. . 


2.00 

18,000. 

35,400. 

3.540 

1,860,000. 

Fine gravel. 


Note: This table represents a very rough approximation of average conditions in 
the field. A difference in density, temperature, or porosity may account for a vide 
difference in the coefficient of permeability. The 20 per cent size is that size 
than which 20 per cent of the sample is smaller and 80 per cent coarser. 
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Slichter expresses in a very complete manner the factors causing variation in 
the coefficient of permeability. 

It is seen . . . that the quantity of water transmitted by a column of soil 
not only depends upon the length of the column and the head of water as 
expressed by Darcy’s law, but varies in a most remarkable way with the 
effective size of the soil grain, with the temperature of the water, and with the 
porosity. Since the flow varies as the square of the size of the soil grain this 
element in the formula has a most important effect, as doubling the size of the 
soil grain vill quadruple the flow of water. Thus, the flow through a sand 
whose effective size of grdn is 1 mm is 10,000 times the flow through a soil 
whose effective size of grain is 0.01 mm. The variation of flow with tempera- 
ture is also important, as the flow at 70° F is about double that at 32° F. The 
variation in porosity is quite as important as the variation in temperature. . . . 
If the two samples of the same sand are packed so that their porosities are 30 
per cent and 40 per cent, the flow through the latter sample will be about 2.6 
times the flow through the former sample. 



0.1 0.2 0.3 

Permeability Rate - Thousands Ft/ Year 


Fig. 24. Curves showing variation in i>ermeability with density. Sandy loess, Kingsley 
Dana, North Platte River, Nebr. Numbers on curves indicate same material as repre- 
sented by corresponding mechanical analyses in Fig. 23. “Dry bulk density” is ratio 
of the weight of unit volume of material (dry) to the weight of unit volume of water. 
Thus if “dry bulk density” is 1.5, dry weight of material per cu ft is 62.5 X 1.5 *= 93.75 
lb per cu ft. {Courtesy W, J. TumbuZl.) 

In Fig. 24 is shown the very considerable effect of density on the coefficient of 
permeability k. From the figure and the results of many tests, including those 
cited by Slichter, it is evident that difference in density alone may sometimes 
account for a wide difference in the value of the permeability coefficient. 

23. Determination of Permeability Coefficient by Thiem Method. This 
method, properly executed, permits the determination of the coefficient of per- 

C. S. Slighter, “The Motions of Underground Waters,” U. S. Geol. Survey Water- 
SuyjAy Paper 67, p. 26. 

G. Thiem, Hydrologische^ Leipzig, 1906. 
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meability of the underground in the field and thus possesses certain advantages 
over laboratory methods where the permeability is determined on a small sample 
and the results often later applied over an extensive area. 

The method consists in sinking a ■well casing into or through the pervious 
stratum for which it is desired to determine the coefficient of permeability, insert- 
ing therein a well pump and operating the pump until the underground water 
surface becomes practically constant and then taking the measurements required 
by the formula. 

The observation wells generally consist of small-diameter (say 1}4 in.) per- 
forated pipe or well points. In general, observ^ation wells should be far enough 
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Fig. 25. Factors in Thiem formula for determining coefficient of permeability from field 

pumping tests. 


from the pump well to avoid the steeper portion of the drawdown curves, which 
are the hydraulic gradients of the various filaments of flo-w. Usually a con- 
siderable number of these observation weUs (10 to 50) are set on various radii 
from the pumped well because with a number of such wells a better picture of the 
average permeability of the imderground may be obtained. 

The pump well casing should seldom be less than 12 in. in diameter, and larger 
sizes up to 24 in. may be advantageous. When pumping is started the wa'ter 
table draws down around the pump casing in the form of an inverted cone (see 
Fig. 25) . Eventually, unless the pumping capacity is excessive in relation to the 
permeability of the underground, with steady pumping this cone becomes stable 
and the flow to the casing is then at the same rate as the pumping. It is at this 
point that the measurements should be taken. It is obvious that continuous 
operation of the pump is extremely desirable for accuracy. Therefore a dupli- 
cate installation of pumping equipment is desirable, so that if something goes 
wrong with one pumping outflt the other can be started. It is not desirable to 
depend on suction pumps because the drawdown may possibly be enough to 

See Leland K. Wenzel, “The Thiem Method for Deter mining Permeability of 
Water-Bearing Materials,” 27. B, Geol. Survey Water-Supply Paper 679-A. 

See STA 2 snEY M. Dore, “Permeability Determinations, Quabbin Dams,” Trana 
Am. Soc, Civil Engrs., 1937, p. 682, 
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cause trouble with the suction before the cone reaches a condition of stability. 
Well pumps or centrifugal pumps which fit inside of the pump casing are suitable. 

The Thiem formula modified to utilize units consistent with those used in this 
book is 

9 logic ^ 

^ 20.4m(s - ai) 

where h = the permeability coefficient in feet per minute (strictly cubic feet per 
minute per square foot on a 1 to 1 gradient) at a temperature of 
54° F, 

q = the rate of pumping in gallons per minute. r\ and r are the distances 
of two observation wells from the pumped well in feet, 
yn = the average vertical thickness of the saturated portion of the water- 
bearing bed between the two observation wells and as indicated in 

Fig. 25 is equal to — ^ , 

s and Si = drawdowns at the two observation wells, in feet. 

Tig. 25 indicates the various quantities and measurements. 

With a single installation the value of h may be determined between 20 or more 
pairs of observation wells. 

^ The Thiem method applied by engineers experienced in making such observa- 
tions is one of the most accurate methods of determining the actual permeability 
of the underground. It has been used successfully at several of the projects with 
which the authors have been connected, including Kingsley Dam on North 
Platte River, Nebraska, and Franklin Falls Dam, Pemigewasset River, New 
Hampshire. 

Once the coefficient of permeability is determined, the seepage under the 
present or future hydraulic gradient may be computed with a fair degree of 
assurance. 

24. Example in. Use of Thiem Fomnila. Referring to Fig. 25, it will be 
assumed that after the cone has reached a condition of stability, measurements of 
the various factors have been taken and have been found to have the following 
values: 

q = 1328 gal per min, 

T = 100 ft, 
ri = 150 ft, 
ti/t = 1.5, 
log 1.5 = 0.176, 
m = 45.82 ft, 
s = 4.73 ft, 
si = 4.01 ft, 
s — $i = 0.72 ft. 
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Substituting in the Thiein formula, we have 

_ 1328 X 0.176 

* ~ 20.4 X 45.8 X 0.72 

k = 0.347 ft per min 

From Table 2 it is evident that the material in the underground is a coarse 
sand, very likely a sand gravel. 

25. Electrolytic Determination of Permeability Coefl5cient. A method of de- 
termining the permeability coefficient of the underground through the determina- 
tion of the differences in electrical resistmt}" between ground water in its 
natural condition and the same water when charged -^dth a hea^y salt solution 
was devised by Slichter.^^ The method has the advantage that it is usually very 
much less expensive than the pumped well Thiem method, the cost frequently 
being quite insignificant. It has the disadvantage that any single test covers a 
relatively small area. W. J. Turnbull describes the use of this method in deter- 
mining the permeability of the foundation at Kingsley Dam, on North Platte 
River, Nebraska, as follows: 

For making the field tests, a master well consisting of an 8-ft section of 
4-in, diameter, perforated galvanized pipe was put dovii into the sand-gravel 
at Station 26=h on the dam center line. Twelve observation wells were placed 
on the downstream (east) side of the master well; one well being placed at a 
distance of 2.5 ft; six wells being placed along a circle of 5 ft racSus, with the 
master well as the center, and the remaining five wells being spaced regularly 
along a circle of 10 ft radius. 

The bottom 4 ft of the master well was perforated so as to allow free move- 
ment of water into and out of it. Each of the observation wells consisted of a 
134 in. sandpoint and a section of galvanized iron pipe driven to a depth of 8 ft. 
The field setup of instruments was similar to that employed by Mr. Slichter. 
This setup consisted of a 6 volt storage batter}^ and a direct current ammeter 
connected in series vdth the master well casing and the casing of smy one obser- 
vation well. The ground then formed the closing link in the series circuit. 
Then as the movement of the ground water carried the electrolyte from the 
master well towards the observation wells, the resistance of the ground circuit 
decreased resulting in an increase in the ammeter current reading. The wire 
connecting the ammeter to the observation well casing was fixed so that it 
could be easily connected to any desired observ’-ation well. In addition to 
taking readings between the master well casing and the obser\’ation wells, the 
battery and ammeter were arranged so that they could be connected in series 
vdth the casing of any observation well and a center electrode placed in that 
well. This center electrode consisted of a 3-ft brass rod with four wooden 
spools spaced evenly along its length to insulate it from the well casing. This 
electrode was also fixed so that it could be easily moved to any desired obser- 
vation well. The reason for taking current readings within the obser\'ation 
well was to check the first procedure mentioned. In this latter procedure the 
time when the salt reached the well was indicated by a sudden increase in the 
ammeter reading. In the first procedure, the increase of the ammeter reading 
was slower, reaching a maximum when the maximum concentration of the salt 

C. S. Slighter, “Field Measurements of the Rate of Movement of Underground 
Waters,” U. S, GeoL Survey Water-Supply Paper 140. 
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reached the downstream well. For charging the master well, a cloth sack 
approximately 5 ft long and 3 in. in diameter and filled with dry salt was em- 
ployed. The sack held approximately 10 lb of dry salt. This salt charge was 
a 50-50 mixture of common salt (NaCl) and ammonium chloride (NH4CI). 
After filling the sack, it was tied at approximately every 6-in. point to prevent 
the salt from settling to the bottom of the sack as the salt dissolved thus keep- 
ing a uniform concentration moving out from the well for the full length of the 
perforations. New sacks of salt were introduced into the well as the previous 
one became empty. The test was concluded after 40 hr. 
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EARTH DAMS— GENERAL PRINCIPLES OF DESIGN 

1 . General. The general principles which should govern the design and con- 
struction of earth dams have been well understood by those engineers who have 
given special attention to the subject for many generations, but until quite 
recently their design has been very much more of an art than a science. The 
development of the science of soil mechanics has placed a valuable tool in the 
hands of the engineer which when properly used enables him to design and 
build earth dams with greater assurance and economy than was previously the 
case. 

Unfortunately an earth dam appears to the uninitiated as a much simpler 
structure than it really is. Avoidable failures have riveted attention on the 
earth dam as an engineering structure, and today thorough investigations, 
studies, and tests are made of the foundation and of the materials available for 
construction, as discussed in detail in Chapters 1 and 16. 

2. Utilization of Soil Mechanics. In recent years much of the advance in the 
art of designing and building earth dams has been due to the development of 
the science of soil mechanics. Dam engmeers are rapidly becoming more scien- 
tific and are less rigidly bound by precedent pro\dded that the proposed departure 
from precedent can be proved scientifically correct and also economically prac- 
ticable, The change is all in the right direction so long as there is a proper bal- 
ance between the practical and the theoretical. 

Precise and highly mathematical methods for the design or analysis of the 
various features of an earth dam are seldom justified because we know in advance 
that the assumptions which must be made are necessarily sufficiently wide so 
that no precision is justifiable. Consequently the engineer whose function it is 
to investigate, design, and construct will, in most cases, do well to confine himself 
to the simple, less precise methods of design and analysis. 

“Soil mechanics” is really a new name for an old science. Rankine, Coulomb, 
and Darcy were certainly soil mechanicians of several generations ago, but they 
probably would not have recognized the title. The fundamental principles of 
soil mechanics, like those of hydraulics, are relatively simple. For most of the 
problems of design, suitable methods of analysis are available which are no more 
complicated than the more usual methods of design of, say, reinforced concrete 
structures. 

What has happened in recent years is that, very largely due to the magnetism, 
persistence, and ability of Dr. Karl Terzaghi and some of the men whom he has 
trained, there has been a renewed interest in the investigation and study of the 
physical properties of soils and their application to engineermg structures. This 
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has resulted in providing new and better methods for determining the stresses 
and factors of safety in earth foundations, dams, and embankments. 

3. Foundation of Earth Bams. It is possible to construct a safe earth dam on 
almost any foundation which is available provided that the foundation has been 
thoroughly explored and tested in the manner discussed in Chapters 1 and 16 
and the design adapted to the conditions thus revealed. 

Ledge rock foundations for small dams seldom give cause for concern except 
that in some cases they may require grouting. Foundations of earth dams are 
often more or less recent alluvial deposits which have not been consolidated under 
any material load. Coarse sands and gravels in the foundation of an earth dam 
give no trouble with regard to stability because, although they may not be 
consolidated, they will promptly consolidate as the load is applied (see Art. 12 to 
17, Chapter 16). 

For very fine and uniform sands great caution is necessary. If less dense 
than “critical density” they may, when saturated under load, flow almost like a 
liquid if activated by some disturbance as, for instance, an earthquake or even 
blasting or the passage of trains. As shown in Art. 13, Chapter 16, it is possible 
to consolidate such a foundation to a point where it is more dense than the 
critical density and is thus no longer subject to flow on disturbance. 

A plastic clay foundation in an earth dam is usually the type of foundation 
which requires the greatest amount of study and investigation in order to obtain 
unquestionable safety (see Arts. 8 and 14, Chapter 16). Frequently extremely 
flat slopes must be used for the earth dam built on such a foundation in order to 
keep the stresses in the foundation sufficiently less than the strength of the mate- 
rial to provide a suitable factor of safety. 

The condition of the foundation is one of the important factors in choosing a 
dam site. Other things being equal, we would choose the dam site with the best 
foundation conditions. Over-all economic considerations should govern the 
choice of site. For instance, one might choose a site having a foundation of 
plastic clay to a considerable depth because in spite of the fiat slopes that would 
be required the site would permit a much shorter dam, so that the total cost of 
the dam at this site would be materially less than at another location with a 
smaller cross-section. 

4. Materials of Construction. Earth dams have been built successfully of 
loose rock, of gravel, of sand of all degrees of fineness, silt, rock flour, and clay. 
The materials for a concrete dam, cement and aggregate, may come and fre- 
quently do come from a source located a great distance from the site. Because 
of the very much greater quantities of materials involved for an earth dam, the 
materials must come from borrow pits and quarries close to the site to avoid pro- 
hibitive cost. 

It is the engineer's business to find out the character, properties, and quanti- 
ties of the various materials in foundation and borrow pits. Once these are 
known and thoroughly understood, it is almost always possible to design and 
construct an entirely safe dam from the available materials. Of course, if the 
site were in a rock canyon with no earth at all nearby, very little time would 'be 
wasted in the consideration of an earth dam for such a site. One would proba- 
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bly build either a concrete or a rock-fill dam. While it is desirable to have 
available ample quantities of both pervious and impervious materials, it is en- 
tirely practicable to construct a dam almost entirely of either class of material, 

6. Design to Stiit the Available Materials.^ In the interest of economy the 
design of an earth dam should be adapted to the utilization of the materials avail- 
able at or near the site. Thus, if near the site there is nothing available but 
sand, then the adopted design should utilize this sand for the bulk of the dam, 
limiting the imported material of concrete, clay, or silt for providing an impervi- 
ous member to the minimum required. 

In Fig. 1 is shown a suitable design for a site where there is nothing available 
except sand gravel. The nearest impervious material is a sandy clay, which 


4 ^ 

Max. Headwater Elev. 

3' Dumped | 

Riprap Sand Gravel | 

Impervious Sandy Clay Core (Imported) 

2* Washed Gravel 

Sand GraveP^Si^^ Original Ground Surface 

50' Sand Gravel | 

^ Sand Gravel 

;i H'='/uy-=-/ 111 s Jti^ 



Ledge Rock (Impervious) 

Fig. 1. Suitable design for a site where only sand gravel is available and foundation is 
pervious to depth of 50 ft. 

Note. Concrete core wall and/or steel sheet piling might be substituted for the sandy 
clay core, but would not be as desirable. 

is located 10 miles away. The difficulties of excavation and transportation are 
such that the cost of sandy clay in place is $5 per cu yd, and consequently the 
use of this material is to be kept at a minimum. 

Accordingly, a trench with 1 on 1 side slopes is excavated to ledge rock a 
vertical distance of 50 ft. A 15-ft width of the ledge rock is cleaned off very 
carefully and a 15 ft wide section of the impervious sandy clay is bonded to it. 
The rest of the trench is then refilled (in the dry) and thoroughly compacted, 
using sheep’s-foot roller and/or air tampers. For a width of 15 ft in the center 
of the trench only the impervious sandy clay is used, but outside of that hmit, the 
refill is the sand gravel which forms the original foundation. 

Above the base of the dam the 15 ft wide core is extended, being placed as a 
part of the 8-in. horizontal layers in which the dam is being carried up and 
compacted. 

A thin reinforced concrete core wall 1 to 3 ft thick might be substituted for the 
sandy clay core if less expensive, but it would not be quite as desirable because 
the-sandy clay core would adjust itself more readily to any slight movement and 
would also be tighter than the concrete. 

The drainage conditions for such a design would be excellent. The cutoff 
through the foundation would make the downstream portion of the sand gravel 

^ See also Joel D. Justin, Earth Dam Frojeds^ John Wiley & Sons, Inc., 1932, pp. 88 
and 115. 
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the upstream shell and extended for a distance frequently 10 or more times the 
head upstream from the upstream toe of the dam. Such blankets cut down the 
seepage materially by forcing the water to pass through several times the dis- 
tance which it would have to pass through without the blanket. 

Also under conditions in Fig. 4 the foundation vdll be full of seeping water and 
pro\dsion to take care of seepage is pro^dded by a filter layer at the base which is 
even more pervious than the sand gravel of the foundation. 


Maximum Headwater 


Gravel Filter 



5 ? 

Sand Gravel 

Fig. 4. Suitable design for a site where both sand gravel and clayey silt are available and 
foundation is highly per™us to a great depth. 


In Fig. 5 is shown an earth dam design which is suitable for a site where the 
only material available is a silty clay and where the foundation consists of a 
silty clay which is highly unconsohdated. 

In this case the upstream slope is flattened to take care of rapid drawdown, 
and also in many cases the flatness of both slopes is determined by the require- 
ments for spreading the load so that the maximum unit stress induced in the 
foundation vdll be less than the shear strength of the plastic material in the 
foundation with a fair factor of safety. 

Sodded Slope Filter of 

3 Durr 
on 12' 


Plastic Silty Clay 
(Largely Unconsolidated) 


Max. Headwater 


on Top soil 

/ 


Berm 



ped Riprap 
of Gravel ' 


Sand Gravel 
^ (Imported) 

Rock Toe 


Fig. 5. Suitable design for a site where the only embankment material available is a silty 

clay and where the foundation consists of a sUty clay which is largely unconsolidated. 

It will be noted that a filter layer is placed on the foundation under the base of 
the dam except near the upstream toe. The filter layer of sand gravel may be 
''run of bank devoid of clay,^^ as it will surely be vastly more pervious than the 
silty clay. This filter layer has two particular functions: (1) to provide dram-| 
age for the small amount of seepage and thus prevent any possibility of satura- j 
tion of the downstream face and (2) by providing drainage for water squeezed j 
out of the silty clay by the loading added during construction, it has a marked 
effect in accelerating consolidation and hence hastens an increase in shear 
strength of the foundation material. 


TABLE 1 

Partial List op Earth Dam Failures 
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In considering Figs. 1 to 5, it should not be assumed that these figures repre- 
sent actual designs; they are merely types of designs suitable for the stated 
materials available and the given foundation conditions. Actual designs for the 
given condition should be arrived at on the basis of computation and analysis. 

6, Failure of Earth Dams. The study of failures frequently contributes 
greatly to our knowledge in showing us how not to do things.^ Overtopping due 
to insufficient spillway capacity is the most frequent cause of the failure of earth 
dams as shown by a study of more than 100 failures. Piping of one sort or 
another, according to the record, is responsible for a large number of failures (see 
Art. 35) . A number of failures have been caused by insufficient shear strength in 
the foundation or in the embankment itself leading to slides of various sorts. 
Fortunately troubles of this sort generally occur during construction because if 
once successfully completed, the shear strength of embankment and foundation 
increases with age and further consolidation. 

Particular attention is called to some of the more recent failures or construc- 
tion accidents listed in Table 1 in connection with structures of considerable 
magnitude. (See also Arts. 12, 29, and 41 of Chapter 19.) Of five such recent 
failures. Fort Peck (item 1), Clendening (item 4), Tappan (item 5), Marshall 
Creek (item 3), and La Regedera (item 2), all except Clendening were foundation 
failui’es. AH except Fort Peck (which was a hydraulic-fill dam) were constructed 
by rolled fill methods. The method of construction utilized, however, had noth- 
ing to do with the failure. The demonstrated deficiencies of all of these dams 
were corrected and today all of them are successful earth dams. 

7. Reqtiirements for the Safety of Earth Dams. The practical criteria for 
the design of earth dams may be stated briefly as follows: An earth dam should 
be so designed that 

1. There is no danger of overtopping (i.e., sufficient spillway capacity and sufficient 

freeboard). 

2. The seepage line is well within the downstream face. 

3. The upstream face slope is safe against sudden drawdown. 

4. The upstream and downstream slope is flat enough that, with the materials 

utilized in the embankment, they will be stable and show a satisfactory factor 
of safety by recognized methods of analysis. 

5. The upstream and downstream slopes of the earth dam are flat enough that the 

shear stress induced in the foundation is enough less than the shear strength 
of the material in the foundation to insure a suitable factor of safety. 

6. There is no opportunity for the free passage of water from the upstream to the 

downstream face. 

7. Water which passes through and under the dam when it reaches the discharge 

surface has a pressure and velocity so small that it is incapable of moving the 
material of which the dam or its foundation is composed. 

8. The upstream face is properly protected against wave action and the down- 

stream face is protected against the action of rain.^ 

2 In Chapter 1 of Joel D. Justin, Earth Dam Projects, John Wiley & Sons, Inc., New 
York, 1932, a number of earth dam failures are discussed and analyzed. 

® Somewhat similar criteria for designs were included in EaHh Dam Projects, John Wiley 
& Sons, Inc., New York, 1932, and in “The Design of Earth Dams,” Trans. Am. Soc 
CM Engrs., Vol. 87, 1924, p. 1. 
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The principal purpose of stating the above criteria of design is to furnish a 
check list which the engineer can consult to help him make sure that he has 
considered all of the pertinent factors in the design of his dam. An earth dam 
designed to meet these criteria vdll prove permanently safe provided proper 
attention is given to the details of construction. 

Alethods for satisfying criteria 1, 2, 6, and 7 vill be discussed in this chapter. 

8. Safety Against Overtopping. An earth dam should be designed with the 
spillway capacity so great that there is no danger of overtopping. One frequent 
cause of the failure of earth dams is the use of spillways of insufficient capacity. 
A masonry dam with an insufficient spillway will generally stand overtopping to 
a considerable depth without serious damage, but with an earth dam, overtopping 
usually means failure. IVIany earth dams are in use that have spillways of insuf- 
ficient capacity to care for floods, which are certain to come sooner or later. 

A dam with a concrete core wall is as likely to fail from overtopping as one 
with a core of imper\ious soil, since once the downstream embankment is washed 
away, the concrete wall is not stable and will break or tip over. 

After the greatest flood to be expected has been detennined, the spillway 
should be designed to take such a flood writh a fair factor of safety. Chapter 5, 
to which the reader is referred, deals with the subject of spillway requirements. 

Engineers frequently speak of gross freeboard and net freeboard. Gross free- 
board, more properly called “surcharge,’’ is the vertical distance from the crest 
of the spillway to the top of the dam. Net freeboard is the vertical distance 
from reservoir surface to the top of the dam at the time that the spillway is dis- 
charging the greatest flood to be expected (according to the accepted hydrological 
studies). When freeboard is mentioned herein net freeboard is meant unless 
otherwise stated. 

The net freeboard should be the sum of the heights of tides, seiches, wind setup, 
and the height to which waves will ride up on the upstream face plus a margin of 
safety in feet based on judgment. For a suitable method of computing these 
heights the reader is referred to Arts. 9 and 10, Chapter 7. The proper margin 
of safety to use is dependent on the degree of conserv^atism utilized in determin- 
ing the greatest flood to be expected. If the available data on floods in the 
territory are extensive and if the methods employed to determine the greatest 
flood to be expected are extremely conservative, then this additional margin of 
safety may be omitted altogether. As indicating the conservatism of the 
recommended assumptions, in this connection it is pointed out that, for the 
larger drainage areas, the peak of the flood lags considerably behind the storm 
and this involves the coincidence of two contingencies which have a very slight 
chance of coincidence except on very small watersheds, i.e., maximum reservoir 
elevation and maximum wind velocity. 

9. Seepage. Seepage takes place through and under all dams, both earth and 
concrete. The problem is to minimize and control seepage so that it will have 
no harmful effects. The character of the materials comprising the foundation 
and the embankment has a very important influence on seepage and its effects. 
Thus, just as a matter of contrast, the author knows of one dam where seepage is 
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at least 30 sec-ft, but it does no harm at all. On the other hand, the author also 
knows of another dam, of which the total seepage through and under it is less 
than 1 sec-ft, but the downstream face is saturated and sloughing has taken 
place, and consequently remedial measures are now under way. 

For any dam of homogeneous material founded on an impervious base, the 
seepage will pass through the dam and will appear on the downstream face be- 
cause there is no other place for it to go. This will happen regardless of the 
tightness of the embankment material. If the dam of homogeneous material is 
founded on a pervious foundation, seepage may still be expected to appear on the 
downstream face unless a cutoff has been constructed through the pervious foun- 
dation, thus permitting the downstream portion of pervious foundation to act as 
a drain. Of course, it is a simple matter to provide drainage so that the seepage 
does not reach the downstream face but will be taken care of and conducted to 
the downstream toe. In that case the dam would no longer be, strictly speaking, 
composed of homogeneous material. 

10. Position of the Seepage Line. In an earth dam composed of material so 
coarse that capillarity has no influence, the '^seepage line^’ is practically the line 
of saturation; i.e., the uppermost filament of flow. In this case and in all other 
cases, the seepage line may be defined as the line above which there is no hydrostatic 
pressure and below which there is hydrostatic pressure. This definition must be 
adhered to strictly whenever the words are used in connection with earth dams 
composed of any type of material. This is because, where the material is fine 
enough to be subject to a considerable depth of capillarity, there is saturation 
without hydrostatic pressure and also a usually negligible flow in the “capillary 
fringe” above the “seepage line.” 

It is because of this inadequacy in the literal definition of “seepage line” that 
the words “phreatic line” were coined. However, the two phrases can be 
considered synonymous if the definition of “seepage line” is considered as given 
above. The capillary fringe is of no particular significance in large earth dams 
except for special investigations, but it is of great interest in earth models of 
earth dams. 

It is always desirable to be able to predict, at least approximately, the position 
of the line of seepage in the cross-section of a proposed earth dam. If this line is 
allowed to intersect the outside downstream face much above the toe more or 
less serious sloughing may take place and ultimate failure may result. 

If we desire to draw a flow net for the dam the use of the seepage line as one of 
the boundaries greatly simplifies the procedure. 

For an earth dam composed of homogeneous material located on a foundation 
of impervious material the seepage line wiU cut the downstream face above the 
base of the dam unless, of course, special drainage measures are adopted. The 
location of the seepage line in this case and the point at which it cuts the down- 
stream face is dependent only on the cross-section of the dam. Its position is 
not influenced by the permeability of the material composing the dam so long as 
that material is homogeneous. The seepage line under the assumed conditions 
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has been sho^^Ti to be fundamentally a parabola ^ with departures therefrom due 
to the local conditions of ingress and egress. 

In Fig. 6 

B 2 is a point on the seepage parabola extended to intersect the water surface. 

A is the downstream toe of the dam. If the dam is composed of a relatively 
impervious core with a per\dous shell, A is the downstream toe of the core. 

C is the intersection of the seepage line with the downstream face of the dam 
(or core). 

d is the horizontal distance from point B 2 to point A, 

h is the vertical distance from point B 2 to point A and represents the head 
causing seepage. 

a is the distance AC and represents the wetted portion of the downstream face. 

OL is the internal angle formed by the downstream discharge face and the hori- 
zontal base, as in Fig. 7a. 

m is the horizontal projection of the wetted upstream slope. 

k is the coefficient of permeabOity of the material comprising the dam (or core) . 



Fig. 6. Determination of tseepage line. {After A. Casagraiide.) 


Calculations of seepage through soils are based on Darcy’s law, given as Eq. 5, 
Art. 21, Chapter 16. 

Casagrande ^ has shown that the computed seepage line for all but the smallest 
angles of discharge slope approximate quite closely the “base parabola” estab- 
lished by Professor Kozeny ® for the case when a is 180®. 

If in Darcy’s Eq. 5 in Chapter 16 the area of cross-section, A, at any point 
along the base of the dam is represented by y and the hydraulic gradient, i, at 

that point is represented by the slope of the seepage line ~ (see Fig. 6), then the 

seepage flow through the dam would be given by the equation 


Q = 



[ 1 ] 


^ See Arthur Casagrande, “Seepage Through Dams,” J. New Eng. Water Works Assoc.. 
Jime, 1937, p. 137. 

® Arthur Casagrande, “Seepage Through Dams,” J. New Eng. Water Works Assoc., 
June, 1937. 
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Kozeny proved that, for the case where a = 180°, the seepage line could be 
represented by the equation 


X = 



[ 2 ] 6 


which is a parabola with the focus at A intersecting a perpendicular at A at a 
distance from the base line (Fig. 6). 

The parabola should be continued to intersect the water surface at point By 
(Fig. 6), which has the coordinates y = h, x — d, where d equals the width of the 
base of the dam minus 0.7m. If these values of x and y are substituted in Eq. 2, 

the value of yo becomes 

yo = - d [3] 

The value of yo may be readily determined graphically ^ since it is the differ- 
ence between the slant distance and the horizontal projection of the line AB 2 , 
Fig. 6. 

The point Co where the base parabola intersects the downstream face is easily 
found from the polar equation of a parabola which is 



where r = radial distance from focus to point on parabola, 

P = intercept of parabola on normal to axis line through focus, 

6 = angle of radial line with axis of parabola. 

For the particular values y, r, and d being considered 

r = a + Aa = slant distance from A to point of intersection of base parabola 
with downstream face, 

P = yo = intercept of parabola on vertical line through focus, 

9 — a — angle of downstream face. 


Thus it follows from Eq. 4 that 

a + Aa = - — — 

1 — cos a: 


[5] 


Reference to Fig. 6 shows that the intersection of the seepage line with the 
downstream face occurs at point C, a distance Aa below the point of intersection 
for the base parabola, Co. Casagrande has shown that the distance Aa varies 
with the slope angle a, becoming zero when a = 180°. Fig. 76 gives the ratio of 
Aa to a + Ao as determined by his graphical studies by means of flow nets. The 
lower end of the seepage line is completed by drawing in a transition curve from 
C to the base parabola by eye, as indicated in Fig. 6. 

The upstream end of the seepage line is also sketched in by eye, a short transi- 
tion curve being drawn to connect point B with the base parabola as shown in 

® Abthtjr Casagrande, “Seepage Through Dams,” J. New Eng. Water Works Assoc,, 
June, 1937. 

^ Idem. 
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Fig. 6. This transition curve should start normal to the upstream face at the 
point of intersection with the free water surface. Where the upstream face of 
the dam or core has a very steep slope, the transition may be a reverse curve. 

There are several equations which may be used to calculate the seepage flow. 
One of the simplest of these is derived for the case where the seepage line is rep- 
resented at its lower end by the base parabola (a = 180°). 




Fig. 7 . Diagrams for determining Aa and a in Fig. 6 when a Aa and slope of discharge 
face are known. {From "'Seepage Through Dams,'" by A. Casagrande, p. 14 ^, J. New Engl. 
Water Works Assoc., June 1937.) 


From Eq. 2 of the base parabola 


and 


y = \/2xyo + y'i 


^ = yo 
y/xyo + yl 


[ 6 ] 


If the values of y and dy/dx are substituted in the Darcy equation as given in 
Eq. 1 

q = kyo 


[7] 
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Eq. 7 gives the seepage flow for the case where a = 180°. Inspection of Fig. 
7a shows that the mean length of path and the cross-section area of the seepage 
flow is but slightly different for angles less than 180° but greater than 30°. If the 
value of 2/0 given in Eq. 3 is substituted in Eq. 7 

q = k{\yh? + d‘^ - d) [8] 

For most cases encountered in earth dam design, the seepage may be calculated 
with sufficient precision by Eq. 8. Where the angle of the discharge face, a, 
is less than 30°, the following equation may be used : 

q = ka sin^ a [9] 

when 

a = cot^a [10] 

Eq. 9 gives somewhat smaller values for q than Eq. 8 in the range for which it 
is suitable. 

In Art. 16 another approximate equation is used to calculate the seepage flow 
and an example is worked out to show the closeness of agreement with Eq. 8. 

11. Seepage Line Where Vertical and Horizontal Permeability Differ. Soils 
deposited by water and soils placed in earth dams, in rolled dams, or in hydraulic 
fill dams may show a wide difference between their vertical and horizontal perme- 
ability. (See also Art. 19.) For water-deposited soils in nature, horizontal per- 
meability may be 4 to 20 times the vertical permeability. In such cases where 
one desires to locate the seepage line and/or draw the flow net a transformed 
section may be utilized. To make the transformation, multiply the actual 



Fia. 8. Transformation method for analysis of stratified sections. {From '"Seepage Through 
Dams” by A. Casagrande, p. 158, J. New Engl. Water Works Assoc., June 1937.) 

horizontal dimensions by 's/kvjkh where ko equals permeability coefficient of 
the material in a vertical direction and kh equals permeability coefficient of the 
same material in a horizontal direction.^ The line of seepage and flow net 
may thus be determined in the same manner as for a soil which is homogeneous 
and isotropic, and the dimensions including the seepage line and/or the flow 
net may be transposed back to the true section. Such a transformation for a 
case where the horizontal permeability is 9 times the vertical is shown in Fig. 8. 

12. The Flow Net (See also Art. 14, Chapter 3.) The flow net has many 
applications, but in the present discussion its application will be confined to the 
two-dimensional flow of water through soils. The flow net consists of two sets of 
curvilinear fines at right angles to each other. The intersections form homol- 

8 Idem, p. 151. 
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ogous rectangles, and it is convenient in many problems to so choose the factors 
that the rectangles are squares. 

The flow lines comprising one set are the paths which would actually be taken 
by filaments of water flowing through the soil. The other lines which are per- 
pendicular to the flow lines are known as the equipotential lines because the 
elevation of water surface T\ithin any piezometer, placed at any point on the 
same equipotential line, T^ull be the same. Any point on one of these lines will 
show the same hydraulic pressure (or head) loss as ever}’' other point on this line. 
The distance between any two adjacent equipotential lines represents the same 
loss of head as the distance between any other two adjacent equipotential lines. 

Similarly the distance between any two adjacent flow lines will represent the 
same increment of flow as the distance between any other two adjacent flow lines. 



Fig. 9. Flow net under a concrete dam on sand. {From ''Uplift and Seepage Under Dams 
on Sandf' by L. F. Harza, Trans. Am. Soc. Civil Engrs.^ VoL 100, p. 1S61, 1936.) 

The plotting of a flow net is at best a rather tedious process of cut and try. 
Where the boundaries are known as in the case of flow through a homogeneous 
soil between the impervious base of a dam and an imper\dous stratum in the 
foundation, the construction of the flow net is relatively simple (see Fig. 9). 

For a flow net through an earth dam and its foundation it is well to first 
compute the position of the seepage line as in Arts. 10 and 14 or possibly by 
some other more approximate means, as in Art. 16. One will then have the upper 
boundary. The seepage line is also a ^^flow line” of the flow net and accordingly 
the equipotential lines will intersect it at right angles and also at equal vertical 
intervals. (See Art. 14, Chapter 3.) The lower boundary which may be an 
impervious foundation or an impervious stratum in the foundation will also be 
known or if not known should be determined as nearly as practicable. In Figs. 
10 and 11 are shown more or less typical flow nets through earth dams on imper- 
vious foundations. 

Arthur Casagrande ® gives some excellent hints to the engineer who would con- 
struct a flow net. 

1. Use every opportunity to study the appearance of well-constructed flow 
nets. When the picture is sufficiently absorbed in your mind, trj" to draw 
the same flow net without looking at the available solution; repeat this until 
you are able to sketch this flow net in a satisfactory" manner. 

® Arthur Casagrande, “Seepage Through Dams,” J. New Eng. Water Assoc.^ 

June, 1937, pp. 136 and 137. 
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2. Four or five flow channels are usually sufficient for the first attempts ; the 
use of too many flow channels may distract the attention from the essential 
features. 

3. Always watch the appearance of the entire flow net. Do not try to 
adjust details before the entire flow net is approximately correct. 

4. Frequently there are portions of a flow net in which the flow lines should 
be approximately straight and parallel lines. The flow channels are then 
about of equal width and the squares are therefore uniform in size. By start- 
ing to plot the flow net in such an area, assuming it to consist of straight lines, 
one can facilitate the solution. 



Fig. 10. Flow net for dam of homogeneous material and flat downstream slope. {Pre- 
pared by Ralph Hansen, Soils Engineer, Little Rock District, U. S. Army Engineers,) 



Fig. 11. Flow net for dam of homogeneous material but with a drainage system. 


5. The flow net in confined areas, limited by parallel boundaries, is fre- 
quently symmetrical, consisting of curves of elliptical shape. 

6. The beginner usually makes the mistake of drawing too sharp transitions 
between the straight and curved sections of flow lines or equipotential lines. 
Keep in mind that all transitions are smooth, of elliptical or parabolic shape. 
The size of the squares in each channel will change gradually. 

7. In general, the first assumption of flow channels will not result in a flow 
net consisting throughout of squares. The drop in head between neighbour- 
ing equipotential lines corresponding to the arbitrary number of flow channels 
will usually not be an integer of the total drop in head. Thus, where the flow 
net is ei^ided, a row of rectangles will remain. For usual purposes this has no 
disadvantages, and the last row is taken into consideration in computations by 
estimating the ratio of the sides of the rectangles. If for the sake of appear- 
ance, it is desired to resolve the entire area into squares, then it becomes neces- 
sary to change the number of flow channels, either by interpolation or by a new 
start. One should not attempt to force the change into squares by adjust- 
ments in the neighbouring areas, unless the necessary correction is very small. 
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8. Boundary conditions may introduce singularities into the flow net. 

9. A discharge face, in contact with air, is neither a flow line nor an equi- 
potential line. Therefore, the squares along such a boundary are incomplete. 
However, such a boundary must fulfill the same condition as the line of seepage 
regarding equal drops in head between the points where the equipotential lines 
intersect. 


13. Hydraulic Electric Analogy. The fact that the equation for Ohm’s law is 
of the same form as the Darcy equation is responsible for the Hydraulic Electric 
Analogy (see Art. 21, Eq. 5, bhapter 16). Ohm’s law is 

-I 


where I = current (quantity of electricity per unit of time), 
E = potential (pressure; head), 

R — resistance. 


Harza describes his electric analogy tray for tracing out a flow net between 
two known impervious boundaries as follows: 

The liter’s tray is connected somewhat differently from that of pre\ious 
investigators, as shown in Fig. 12. It is 24 by 46 in. in size, utilizing a salt 


nov 



Fig. 12. Arrangement of Harza electric analogy tray. {From Uplift and Seepage Undei 
Dame on Sand” by L. F. Harza, Trane. Am. Soc. Civil Engrs., 19S5.) 

solution about 1 in. deep. Copper terminals, X and 7, permit simulating the 
base of a dam, 20 in. or less in width, A, of any desired sectional design. 
With switch E closed to F, the earphones, P, permit the determination of the 

From L. F. Harza, “Uplift and Seepage Under Dams on Sand,” Trane, Am. Soc. Civil 
Vol. 100, 1935, pp. 1362 and 1363. 
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proportionate voltage (or hydrostatic uplift head) drop at C along the base by 
selecting point D to produce silence. Likewise, to determine the resistance of 
the solution between the proper strips, X and 7, Switch E is closed to F' 
through the known resistance, R, with earphones connected to C'. 

To obtain unit resistance of the solution for parallel flow the two main 
terminals are changed from the copper strips, X and 7, to Z' and 7', in a 
bakelite frame temporarily immersed; or the copper strips, X and 7, are 
replaced by strips along the entire ends of the tray while the model of the dam 
base is removed. Knowledge of the exact depth of the solution is not neces- 
sary and would be difficult to determine in such a shallow tray and likewise 
would be subject to frequent change by evaporation and replacement. It is 
only necessary to know the resistance between the terminals, X and 7, com- 
pared with the resistance producing parallel flow, as between X' and 7'. in an 
equal depth of solution. 

The hydraulic-electric analogy tray is particularly useful in constructing flow 
nets for cross-sections of dams which are not composed of homogeneous mate- 
rials. 

Thus a dam might be composed of a central section for which the value of K 
was, say, l/20th that of the shells. Then for the model in the electric analogy 
tray, the unit electric resistance of the central section would be made 20 times 
that of the shells. This may be accomplished by having the electrolyte over the 
central section of the tray model l/20th of the depth of that over the shell 
section. 

14. Seepage Line in Earth Dam of Composite Cross-Section. An earth dam 
which consists of a central section of highly impervious material, as a silty clay. 


Max. W, S. Elev. 


~H20'h- Seepage Line 


to 3" Crushed 
Stone Filter Layer 

Tailwater 



Foundation is Clay, K= 0.03 x 10"^ 

Fig. 13. Determination of seepage line in dam of composite section. 


with shells of very pervious material is frequently a very desirable type of dam 
both from the standpoint of stability and watertightness provided that the dam 
is on a firm and relatively impervious foundation. The cross-section of such a 
dam is shown in Fig. 13. 

The shells of sand gravel are doubtless several hundred times as pervious as 
the central portion of the dam consisting of clayey silt. The upstream pervious 
shell will have practically no effect on the position of the phreatic line, and the 
downstream pervious shell will act as a drain. Owing to the tremendous differ- 
ence in permeability, the shells wiU have practically no influence on the position 
of the seepage line in the central section. Consequently the position of the 
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seepage line be determined for the central section by the methods discussed 
in Art. 10. 

In the do'^mstream pervdous shell of the dam the seepage line will rise above 
tail water only slightly, just enough to pro\ude the necessary head for the slight 
amount of water which gets through the central impervious section to flow out 
through the downstream shell. The approximate position of the seepage line for 
such a section is shown in Fig. 13. 

It is seldom necessary to determine by precise methods the seepage line for the 
entire cross-section of a composite dam provided that the position of this line is 
carefully determined for the most impervious portion of the dam. Sometimes 
when the permeability coefficients of the various sections of the dam are fairly 
close together, it may be desirable to get the position of the seepage line through- 
out the entire cross-section. In making such computations it is important to 
bear in mind that at any given point in the section, discharge is the same. 
The theoretical point of intersection of the seepage line with the boundary is 
assumed and changed until the computed flow through each section comes out 
the same. 

15. Computed Position of the Seepage Line in Composite Section. As an 
example we vnll consider the composite earth dam whose cross-section is shown 
in Fig. 13. It will be noted that the foundation consists of a relativ^ely impervi- 
ous clay soil. The upstream portion and the do\\Tistream portion of the dam 
consist of a natural mixture of sand gravel which is quite pervious while the cen- 
tral section of the dam consists of a relatively impervious silt. 

Example, First construct the base parabola, using Eq. 2. The v’alue of yo 
is determined from Eq. 3, so that with h = 75.0 and d = 137.5, yo = 19.2. 
m = 75.0. 

Substituting the value of ^/o in Eq. 6, we may solv^e for v’alues of y for corre- 
sponding assumed values of x, and from these values of x and y the base parabola 
may be plotted. (See Fig. 6.) 

When X = d, y = h, so that the base parabola v\ill pass through point 
located 0.3/?2(22.5 ft) upstream from the point of intersection of the free water 
surface with the upstream face of the more impervious section, as shown in 
Fig. 13. 

The intersection of the base parabola with the downstream face at Co is found 
from Eq. 5, the polar equation of the base parabola. 

19 2 

a + Aa = - ^ = 65.6 ft 

1 ~ O./O/ 

From Fig. 76, the value of Aa at o: = 45° is 0.34, (a + Aa) = 0.34 X 65.6 = 
22.3 ft. Point Co is therefore 65.6 — 22.3 = 43.3 ft, measured up along the 
downstream face from point A. The seepage line is completed at the down- 
stream end by sketching a short transition curve from point C to the base 
parabola. 

The upstream end of the seepage line is sketched in with a short transition 
curve as indicated in Fig. 13. 
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The seepage flow per unit of dam width may now be determined from Eq. 8 

where q = k(_\/ d'^ + — d), 

k = 0.2 X 10~^ cm/sec = 0.4 X lO'Vft/min, 
q = 0.00004(\/l37.52 + 75^ - 137.5), 
q = 0.00076 cu ft/min. 

This will, of course, also be the flow through the downstream pervious section 
of the dam. Fig. 13, which has a permeability coefficient of 125 X lO"^ cm/sec 
(0.025 per ft per min). 

In Fig. 13, the seepage line at the toe of the downstream shell is shown as 2 ft 
above the impervious foundation level due to tail water. The Darcy formula 
may be used to determine the approximate position of the seepage line in the 
downstream shell as follows: 

Let A' represent the height of the seepage line at the toe of the shell ( = 2 ft), 
h' difference in elevation of the seepage line within the shell, and I the length of 
path in the shell ( = 110 ft), and k' the permeability coefficient for the shell 
( = 125 X 10“*^ ft/min). Thus 

q = k'iA=k'j(^A' + f'j [12] 

where q is the same as the seepage through the core ( = 0.00076 cu ft/min), 

+ h'/2 is the average area of cross-section, and h^l is the average gradient. 

0.00076 = 0.025 X ^ ^2 + 

A'2 4,^/ = g 7 

h' = 1.27 ft, use 1.3 ft 

Thus, the height of the seepage line is 1.3 + 2 or 3.3 ft above the impervious 
foundation at the upstream end of the shell. 

We may now complete the seepage line for Fig. 13 with a sufficient degree of 
precision. The upstream pervious section is so excessively pervious as compared 
with the central section that it will have no practical effect on the seepage line. 
Hence, through this section it is drawn as a straight line in Fig. 13. 

At the entrance to the relatively impervious central section of the dam the 
seepage line will enter approximately perpendicular to the slope but will promptly 
curve over to join the theoretical seepage parabola, determined as already 
indicated. When the seepage line issues from the downstream discharge face of 
the central impervious section, it will tend to continue very nearly in the same 
direction as the slope of the discharge face unless affected by tailwater. It is 
here assumed that the downstream section is relatively pervious, as indicated in 
Fig. 13. A satisfactory method of determining the position of the seepage line 
through the downstream section under the given condition of Fig. 13 has been 
given, and the transition from the point of egress to the seepage line for the 
hnpervious central section may readily be drawn in as a transition curve. 
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16. Rough Method of Predicting Position of Seepage Line. The development 
of methods for locating the position of the seepage lines in the cross-section of 
earth dams has proved an irresistible loadstone to many soil mechanicians with 
the result that there are hundreds of pages of text (some of it very mathematical) 
dealing with the subject. A study of the actual line of seepage in various earth 
dams (see Figs. 16 to 19) shows that precision in prediction of the line of seepage 
is not obtainable. In the opinion of the authors, methods more precise than the 
ones already given are not justihed and in many cases much rougher methods are 
suitable. 

Referring to Fig. 6, it is sho™ herein that the vertical distance, e, which is the 
distance from the imper\’ious base of the dam up to the intersection of the seepage 
line, is equal to approximately h 3. 

In Fig. 6 the discharge through the dam may be expressed by the equation 
h{h-e){h^e) k{P-e^) 

q 1 2 ~ = 2 1 


where I = mean length of seepage path (see Fig. 14), 

I = 2(h + Z) cot a + w ^ 0.7h cot a; — ^ cot a 

A 

= ^1.3A + 2Z cot a + w 


in which Z is vertical distance from headwater to the top of the dam and w is 
the top width of the dam. 

The above is simply Darcy’s law (Eq. 5, Chapter 16) applied to unit width of 
dam and assuming that the mean discharge area will be (A + e)/ 2. The equa- 
tion agrees closely with Eq. 9 for relatively flat slopes, indicating about 10 per 
cent greater values for slopes as steep as 1 on 1 (a = 45°). 

The value of e for which q is maximum may be determined by trial and error or 
by differentiation and is approximately equal to h/S for discharge slopes flatter 
than about 1 on 1, thus giving the position of C, the point of intersection of the 
seepage tangent with the discharge face. Changes in the value of k do not 
produce any change in this relationship. 

Substituting h/3 for e in Eq. 13, we obtain 


, - ^ 2 / 9 ) 4^2 

« = — 2z 


[141 


Thus for Fig- 14 the rough method would give e = /z/3 = 75/3 = 25 ft. For 
convenience the central portion B of Fig. 13 is replotted in Fig. 14, Using e = 
25 ft, C (point of intersection of seepage line and discharge face) is then plotted 
on Fig. 14. Next starting from a point on maximum water surface = 0.37?i up- 
stream from the face (here = 22.5 ft) draw the seepage tangent to point C on 
Fig, 14. 

Finally to get the approximate actual seepage line, draw in the ingress line 
with its perpendicular and curved line joining onto the seepage tangent, as shown 
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in Fig. 14 and described in Art. 15. The mean length of path of seepage, from 
Fig. 14, is 

I = ^1.3 X 75 + 2 X 10 - X 1 + 20 = 125 ft 


The discharge through the dam per foot of width may be computed by Eq. 14 
as follows : 


4 X .00004 X 75^ 
9 X 125 


q = 0.00080 cu ft per min per lin ft of dam. This compares with q = 0.00076 
cu ft per min per lin ft as computed for the same dam by Eq. 8 of Art. 10. 



Fig. 14. Central portion {B) of Fig. 13, showing comparison of rough method of plotting 
seepage line (see Art. 16) with seepage parabola. 


These two values of discharge agree more closely than it is possible to estimate 
the average permeability coefficient for an actual dam; therefore the suggested 
approximate method of locating the seepage line and computing the seepage is 
good enough for all practical purposes. 

17. Location of Seepage Line Where Foundation is Pervious. If, instead of 
the impervious foundation as has been so far assumed, a considerable layer of 
relatively pervious material overlies the rock or an impervious layer, the location 
of the seepage line may be obtained by the methods already described by assum- 
ing that the foundation is still a boundary; but below this boundary discharge 
takes place through the pervious stratum down to the impervious stratum in the 
foundation. 

Thus in Fig. 15 all the conditions and dimensions are the same as in Fig. 13 
except that in Fig. 156 the foundation of the dam is as permeable as the core down 
to a depth of 40 ft below the base of the dam. The position of the seepage line 
has been determined in Fig. 15 by the methods outlined in Art. 10. It will be 
noted that the position of the seepage line is identical with that in Fig. 15a, 
where the foundation was impervious. 



SEEPAGE LINE IN EXISTING EARTH DAMS 



Relatively Impervious, K- 0.03 x lO'* 
(a) 


Ah Represents Equal 
Increments of Head 
Where Equipotential Lines 
Meet Seepage Line. 


Shell 7" 
K=125xl0* 







Relatively Impervious, Jf«0.03xl0 <^"’/sec 
( 6 ) 

Fig. 15. Location of seepage line where (a) Foundation is same as in Fig. 13 except flow 
net is sketched in. (b) Seepage line is same as in Fig. 13, but pervious stratum under dam. 


18. Seepage Line in Existing Earth. Dams. The position of the seepage line 
shown in Fig. 28 for the glass tank model of the dam is in substantial accord with 
the position of the seepage line as determined by the methods discussed in Arts. 
10 to 17. Figs. 16 to 19 show the actual positions of the seepage line in several 




Amawalk Dam 

Fig. 16. Actual seepage lines in earth dams. {From Caleb Mills Saville, Trans. Am. Soc. 
CirU Engrs., p. 98, Vol. 87, 1924.) 


earth dams. IMany of these cross-sections are interesting, but, in general, the 
information with regard to the materials in the dam is fragmentary^ and when 
available is more qualitative than quantitative. 

The section of the Minatare Dam, Fig. 18d, is interesting as showing the effect 
of a cutoff and special drainage measures in the position of the seepage line. The 
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Fig. 17. Actual seepage lines in earth dams. {Data from R. C. Bavm, Tech. Mem. 389 

U. S. Bur. Reclamation.) 
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Fig. 18. Actual seepage lines in earth dams. {Data from R, C. Haven, Tech, Mem 389 

U, S. Bur. Redamation,) 



680 


EARTH DAMS— GENERAL PRINCIPLES OF DESIGN [Chap. 17 


effect of a core wall in lowering the line of seepage in a highly pervious dam on a 
highly impervious base is shown in the case of Wissota, Fig. 19a. 

Of the 20 earth dams for which seepage lines are shown, 9 are from the records 
gathered by the U. S. Bureau of Reclamation, Technical Memoranda Numbers 
389 and 493 by R. C. Haven. These pamphlets show the seepage lines for a 
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considerable number of earth dams, together with some information as to the 
materials in the dams and in some cases additional information on construction 
and foundation conditions. 

19. Qxiantity of Seepage. All methods of computing seepage under or through 
earth dams are primarily based on Darcy's law: q = kiA, Eq. 5, Ajrt. 21 , Chapter 
16. Of the following formulas for seepage, three have already been developed 
in connection with the determination of the seepage line in the foregoing sections, 
but they are assembled here to present a r4sum6 of formulas for computing the 
seepage through earth dams. 
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Art. 19] 


In all these formulas the symbols have the following meaning: 

q = discharge in cubic feet per minute per foot of vddth, 
k = permeabOity coefficient in feet per minute, 
i = hydraulic gradient, 
h = head causing seepage, 

I = length of path of seepage in which loss of head h takes place; thus 
i = h/l, 

d = horizontal distance from the point where seepage tangent intersects the 
maximum headwater surface to the downstream toe of the section as in 
Fig. 6, 

Oi = angle which discharge face makes with the horizontal (Fig. 6), 
e = vertical distance from base to point where the seepage line intersects the 
discharge face, 

a = length of line on the discharge face from downstream toe up to point of 
intersection with seepage line (see Fig. 6). 

q = ka sin^ a [9] (See Fig. 6 and Art. 10) 
where a = So - Js! - -X~ = ->/</'’- h- cot^a 

\ sm-a 

jSo = + d-, applicable where a is less than 30®. 

q = k(\/d^ + h- - d [8] (See Fig. 6 and Art. 10) 
applicable for a between 30° and 180®. 

g = ^ [14] (Art. 16) 

where I = (1.3k + — e/2) cot a + u\ 

= (1.133/1 + 2Z) cot a: + since e = k/3, 

^ — freeboard, 
w = top width, see Fig. 14. 

The above is an approximate equation, applicable for a less than 90°. 

For a section where the horizontal and vertical permeability coefficients differ 
materially, the value of k used in the above equations is determined as follows: 

k = \/kv X kh [15] 

where kv is the vertical permeability coefficient and kh is the horizontal permea- 
bility.^^ 

While usually in natural formations the horizontal permeability is from 4 to 10 
or more times the vertical, there are exceptions. Thus loess in its natural undis- 
turbed condition is sometimes 20 to 50 times as pernous in a vertical direction as 
in a horizontal direction. This is because of the vertical passageways or tuber- 
cles which abound in loess formations. 

See Arthur Casagrande, “Seepage Through Dams,” J. New Eng. Water Works 
Assoc. j June 1937, p. 152. 
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20. Total Seepage Throiigh and Under Earth Dams. If the base of the dam 
is pervious and if it is desired to determine the total seepage through and under 
the dam, proceed as in the following example. Referring to Fig. 15 and Art. 17 

= 9z) + [^-6] 

(see Fig. 15 and Art. 19) where qr is total discharge through the dam and foun- 
dation per foot of width and qo is discharge per foot of width through the dam, 
which for the ease illustrated in Art. 15 was equal to 0.00076 cu ft per min per ft 
of width, and qp is discharge through the foundation per foot of width. 

(Note that in Fig. 13 qr = 9d since the foundation is impervious.) 

In Fig. 15, using the Darcy equation 

qp = kpj A [5] 


kp = 0.2 X lO"'^ cm/sec = 0.4 X 10~* cu ft per min = 0.00004 cu ft/min, 
h = 75.0 , 1 = 190 (see Fig. 14), A = 40, 


qp 


0.00004 X 75 X 40 
190 


0.00063 cu ft/min, 


qj) = 0.00076 cu ft per min as in Art. 15, 

qj, = 0.00076 + 0.00063 = 0.00139 cu ft per min per lin ft 


Where a composite dam consisting of a rather impervious core and pervious 
shells rests on a foundation through which the seepage is appreciable, the foun- 
dation seepage is likely to appear in the downstream shell and should be ac- 
counted for in drawing the seepage line through the shell as described in Art. 15. 
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Fig. 20. Tabeaud Dam, California, showing drainage measures adopted (1902). 


21. Drainage in Earth Dams. Although some soils engineers would have us 
believe that drainage and filters in earth dams began with the present school of 
soils mechanics the use of such measures is not new and has been understood by 
some engineers for many years. 

For instance, there is the Tabeaud Dam (Fig. 20) in California constructed 
in 1902 having a maximum height of 123 ft. The maximum section was short as 

See Bueb Bassell, Earth Dams, p. 10, 1907, published by Eng. News Publishing 
Co., N. Y. 
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the base was merely the bottom of a relatively narrow canyon. A drainage ditch 
was cut in the rock foundation at the maximum cross-section and was carried 
upstream to approximately the center line of the dam, at which point similar 
longitudinal drains were installed for practically the entire length of the dam. 
Fig. 20 shows a section of the Tabeaud Dam indicating the position of the drains, 
together with a typical cross-section of the drain. 

The protection of the drain by a filter should be particularly noted. The large 
stones in the bottom of the drain were placed so as to give a definite continuous 
opening along the bottom of the rock trench. The drain was then surrounded 
with 18 in. of crushed stone 3 in. down to 1 in., over which was placed fine gravel. 
Above this gravel the trench ’was refilled “with gravelly clay. 

The Tytam Bay Dam, Hong Kong,^^ built in 1907, included a rock-fill drain 
which extended upstream to the center of the dam, where there was a concrete 
core wall. At Wissota Dam, Wisconsin,^^ built in 1916, 6-in. terra cotta pipe 
and a layer of loose rock and gravel surrounded by sand were utilized in the 
do’wnstream portion to promote drainage and to lower the seepage line. (See 
Fig. 19a.) 

In 1902 Frederic P. Stems remarked, ‘Tew engineers who deal with filtration 
would 'wish to say that they could not design the downstream portion of such r. 
dam in a way to pemiit the water filtering through the dam to come to the surface 
without carrying earth with it.^’ 

Bassell (1907) stated that thorough drainage of the base of a dam is a matter 
of vital necessity. 

Many other earth dams constmcted before 1920 had extensive upstream and 
do’wnstream fills of gravel and/or rock for the purpose of improving both 
drainage and stability. The Ashokan Dikes of the New York Board of Water 
Supply (Fig. 32) was, it ’will be noted, provided with such fills of loose rock on 
both faces. 

For a dam such as that indicated in Fig. 5, relatively impervious and homo- 
geneous, it is evident that the seepage line would intersect the downstream face 
well above the toe as in Fig. 6 unless some method of drainage is adopted. In 
Fig. 5, drainage is accomplished and the seepage line lowered to a point well 
within the downstream face by the filter layer at the base of the dam. 

In some dams drainage is no problem at all because the material in the do’wn- 
stream portion is so pervious that drainage conditions are already excellent. 
Thus a design like that shown in Fig, 3 with its pervious shells, under the given 
conditions, provides ample drainage. Even here some attention must be given 
to the protection of the rock-fill toe. If the rock, say from spalls to several cubic 
feet in size, were merely dumped at the toe on the consolidated clay of the 
foundation and not protected at all, in time it would become impregnated 'with 

Joel D. Justin, Earth Dam Projects^ p. 231. John Wiley & Sons, N. Y., 1932. 

Earth Dam PrqjectSy p. 322. 

Trans. Am. Soc. Civil Engrs., Vol. 48, p. 279. Experiments in connection 'with the 
design and construction of Wachusett Dikes. 

Burr Bassell, op. cit. 
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finer material and its efficiency would be seriously impaired or destroyed. Con- 
sequently, a filter (see Art. 22) is placed around that portion of the rock toe 
which would be in contact with the rest of the dam embankment and also with 
the consolidated clay foundation. This latter point is frequently neglected, but 
the authors believe that it is frequently advisable to use a horizontal filter layer 
on top of the impervious foundation because any possible upward movement of 
water from the foundation might eventually fill the large voids in the rock fill with 
fine clay or silt and thus ruin the usefulness of the rock toe and cause the seepage 
line to come out of the downstream face above the rock toe, with possible result- 
ing sloughing. 

In Fig. 21 is shown a cross-section of the Arkabutla Dam (1941). It will be 
noted that the drainage layer (or filter layer) extends along the base in much the 
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Fig. 21. VaUey section Arkabutla Dam, Mississippi, showing drainage layer at base. 


same manner as in Fig, 5, except that the drainage (or filter) layer is divided 
into two parts, upstream and downstream. The upstream portion is of use only 
in connection with the consolidation of the structure and foundation under its 
own load. At Arkabutla the foundation consists of a stratum of alluvial clay, 
which is not fully consolidated. About 30 ft beneath this there is a sand gravel 
stratum of great depth. Consequently, the drainage layer and the downstream 
pervious section had two functions to perform as follows: 

1. To facilitate and hasten the consolidation of the foundation stratum of 
clay as the load of the dam was applied during construction, water being squeezed 
out of the clay layer. 

2. To lower the line of seepage so that there was no chance for the downstream 
face to become saturated. As pointed out in Art. 10, a homogeneous cross- 
section will have the lower portion of the downstream face saturated (very likely 
causing sloughs) unless special drainage measures are adopted. 

A somewhat unusual drainage feature of the Arkabutla Dam is shown in Fig. 
21. The water in the sand and gravel foundation strata below the natural im- 
pervious blanket is under some artesian pressure. Hence, at a point about 
midway between toe and axis line, well points were driven into the sand gravel 
stratum. At the surface the well points (25 ft center to center) were connected 
laterally with egress to the toe at 50-ft intervals. 
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At Sardis, where the imper\dous natural blanket was only about 10 ft thick, the 
same problem of foundation drainage was handled by cutting through the im- 
pervious layer to the sand gravel layer just downstream from the impervious 
central core. (See Fig. 23, Chapter 19.) 

The Mohawk Dam (1935), a typical cross-section of which is shown in Fig. 22, 
is an illustration of a type of dam where excellent drainage conditions are assured 
by the use of a hea'VT’ downstream fill of loose rock. The foundation of this dam 
is quite per\’ious, the average permeability coefficient of the foundation being 
about 300 X 10“*^ cm per sec. Extending approximately 625 ft upstream from 
the center line, an imper\dous natural and artificial blanket insured a long path 
of percolation for the water seeping under the dam. It will be noted in Fig. 22 



that the more or less imper\dous top soil was stripped off do^mstream from the 
imper^dous section of the dam, thus permitting the seepage water passing under 
the dam to escape into the per\dous downstream section of the dam and get away 
without causing any trouble. 

22. Effect of Drainage on Line of Seepage. In Fig. 23 it v^ill be noted that the 
is composed of a homogeneous embankment material on a foundation of 
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Fig. 23. Effect of drainage on seepage line in homogeneous section as computed in Art. 22. 


impervious material but that downstream from the center line there is a drainage 
layer or filter along the base which discharges through a rock toe fill to the dowm- 
stream toe of the dam. The upstream end of the filter corresponds to the toe of 
a dam where a — 180®. 

Referring to Fig. 7b, Aa = 0. 
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Thus, as shown in Fig. 7a, for a = 180°, a = ao — 2/o/2. 

2/0 == — d [3] 

a = i(V852'+ 1302 _ 130) 
a = ^ = 13 ft 


which means that the seepage line will reach the filter layer at a point 13 ft from 
its upstream end and from the above 2/0 = 2 X 13 = 26 ft, which gives us a 
second point on the seepage line. Another point is obtained by measuring up- 
stream along maximum water surface a distance equal to 0.3w upstream from the 
point where the maximum water surface intersects the upstream face, m being the 
horizontal projection of the wetted upstream face. 

The seepage line may now be drawn in accordance with the principles described 
in Art. 10. It will be noted that the downstream portion of the dam is practi- 
cally free from saturation. This is entirely due to the drainage or filter layer 
which pulls down the seepage line and conducts the seepage to the rock toe. 
Except for this drainage means, the seepage line would have shown a position 
similar to that in Fig. 6. 

The capacity of the filter should materially exceed the maximum discharge 
through the dam. By the use of Darcy's formula (Eq. 5, Chapter 16) one may 
check the capacity of the drainage or filter layer. If the capacity of this filter 
layer is less than twice the estimated discharge through the dam (by Eqs. 
8, 9, or 14), measures should be taken to increase the capacity by enlargement 
of filter layer, use of more pervious materials, use of pipe, etc., provided that the 
drainage layer is not made so coarse that there is danger of the filter becoming 
impregnated. 

23, Pipe Drains. Pipe drains are sometimes used in earth dams, especially 
where the material is so extremely pervious that a large quantity of seepage may 
be expected. Such pipe drains are laid in and are surrounded by a filter of per- 
vious material. Holes are drilled in the pipes of a size such that practically none 
of the surrounding pervious material can get through the holes. 

Short lengths of cast iron pipe (Class C or D, according to superimposed load) 
make about the best pipe drains. With proper attention to supporting while 
laying there is practically no danger of breakage, and their life is practically 
indefinite. BeU and spigot C.I. pipe should be used and joints should be left 
open or poured with a mastic to permit movement. Holes must be drilled in- 
stead of punched, as with steel pipe, which adds to the cost. Class A pipe is too 
light and should never be used for drains of this type. 

Terra cotta sewer pipe is sometimes used for drains, but because of the possi- 
bility of breakage due to carelessness in laying, it should not be used in any situa- 
tion where its breakage might conceivably result in disaster. 

Because of the cost of cast iron pipe, steel pipe is frequently utilized, where the 
reservoir will become muddy and seal the upstream face and foundation before 
the pipe rusts out. 
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The use of ordinary black steel pipe is not recommended because of its rela- 
tively short life under many conditions. Galvanized rust resisting corrugated 
steel pipe dipped in asphalt has been extensively and successfully used for 
drainage in earth dams where the quantity of seepage is large and the surrounding 
material highly pervious. The holes giving the seepage access to the pipe should 
be punched before the pipe is galvanized. 

Some details of the pipe drain utilized at the Kingsley hydraulic fill dam are 
shown in Fig. 24 and are typical of several pipe drains which have been used. 
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Fig. 24. Galvanized iron asphalt-dipped pipe drain as used at Kingsley Dam, Nebraska 



The drain is parallel with the center line of the dam and in the maximum sec- 
tion is located about 240 ft upstream from the downstream toe, where the fill 
over it is about 60 ft deep. It is placed in a trench excavated in the original 
ground with the invert about 10 ft below the original surface. At intervals of 
approximately 1000 ft, there are T connections to an outfall pipe, in most cases 
36 in. in diameter. The longitudinal drain is in most cases 24 in. in diameter, 
with a minimum diameter of 18 in. The large size of outfall was provided not 
because it was necessary for taking care of the seepage but in order to permit a 
man to get up to the T and thus be able to clean out the longitudinal drains if 
that should ever be necessary. The pipes were of corrugated galvanized iron, 
asphalt dipped. 

There is one objection to the use of pipe drains like those just described. They 
may be separated or broken under conditions such that they act as sluice pipes 
for carrying away large quantities of the embankment material of which the dam 
is composed. The writer knows of several cases where this has happened, but 
the situation was discovered in time to apply remedial measures. For that 
reason properly filtered rock or gravel drains are generally preferable. 
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It is possible to protect pipe drains with filters provided the first layers around 
the pipe are so coarse that if the pipe breaks the stone could not pass through 
the pipe. Additional filter layers are then necessary around the stone or gravel. 
They would then be entirely safe against the contingency just discussed. Unfor- 
tunately, however, this would take away the principal advantage of the pipe 
drains, which is that of economy. 

The pipe drains are in general used only where the rock drains with their 
filters are not available except at prohibitive cost. At both Sardis Dam in 
Mississippi (1940) and Kingsley Dam in Nebraska (1941) rock was extremely 
expensive and unusually pervious foundations indicated that there would be a 
large amount of seepage to be taken care of. This led to the adoption of the pipe 
drains. In addition the pipe drains were so located that there was presumably 
no probability of their collapse resulting in a serious sluicing of embankment 
material through them. 

24. Filters for Earth Dams. About 1900 the late Frederic P. Sterns made ex- 
periments on the impregnation of a corase material with a fine material and 
found that in accordance with already established filter-plant experience such 
impregnation did not take place with properly graded layers. Later experimen- 
ters, including Terzaghi and G. E. Bertram have made experiments along 
much the same line. Bertram found that “the minimum critical ratio of the 15 
per cent size of the filter at the limit of stability is approximately 9.’^ This con- 
clusion applied to material at least 50 per cent compacted. 

In other words, if the flow is, say, downward, each successive layer of material 
may be composed of particles such that for the 15 per cent size (15 per cent 
smaller than and 85 per cent larger than) the diameter is 9 times that of the 15 
per cent size of the layer above. If the above condition prevails and the mate- 
rial is at least 50 per cent compacted, practically no impregnation will take place. 
If the ratio is much greater than 9, impregnation may occur. 

When one realizes that permeability varies approximately as the square of the 
diameter, it becomes clear that one may go from a fine silt to sizable broken stone 
in a very few layers. In many cases the required results can be obtained with 
only one layer. 

In Fig. 25 is given an illustrative example of how this ratio works. Thus be- 
ginning with a fine silt of which the embankment is composed, and stepping up 
the diameter of the 15 per cent size with each successive layer by a ratio of 9, we 
win have: 



Thickness 

Diameter 


Layer 

of 

of 15% 

Approximate Permea- 

Number 

Layer 

Size 

bility Coefl&cient 

1. Embankment 

Indefinite 

0,01 mm 

0.208 X 10”“^ ft per min 

2. Fine sand 

18 in. 

0.09 mm 

28.0 X lO””* ft per min 

3. Coarse sand 

18 in. 

0.81 mm 

4200 X 10“^ ft per min 

4. Gravel 

18 in. 

7.3 mm 

Unknown 


See Trans. Am. Soc. Civil Engrs.f Vol. 48, p. 267. 

^®See G. E. Bertram, “An Experimental Investigation of Protective Filters,” Soil 
Mechanics, Series No. 7, January 1940, publication of Graduate School of Engineering 
Harvard University. 
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For the embankment the 15 per cent size has a diameter of 0.01 mm. It is fine 
silt and is the relatively impervious material of which the bulk of the embank- 
ment is formed. Its permeability factor by test is 0.206 X 10""^ ft per min. 

The next layer is 18 in. thick, the 15 per cent size has a particle diameter of 
(0.01 X 9) = 0.09 mm, a very fine sand, and the permeability coefficient is 
28 X lO"^ ft per min. 

The next layer is 18 inches thick, the 15 per cent size has a particle diameter of 
(0.09 X 9) — 0.81 mm, which is a coarse sand, and the permeability coefficient 
is 4200 X 10”^ ft per min. 



Foundation Material 12 " 18 " 24 " 

15 % Size = 0.01 mm, <Silt) 


Fig. 25. Filter protecting rock toe with Bertram ratio for particle sizes. (See Art. 24. 
Note. The 15 per cent size is such that 15 per cent of sample is smaller than, 85 per cent 
is larger than.) 

For the next layer the particle size for the 15 per cent size will be 7.3 mm and 
the permeability coefficient may be left to the imagination. 

In the above the stated coefficients are not exact but are close enough to what 
would be found by test to be indicative. Theoretically each layer of the filter 
could be very thin, but practically a reasonable thickness is necessary in order to 
make sure that some slight readjustment during or after construction does not 
rupture the layer. As a practical matter the thickness of each filter should be at 
least 50 times the diameter of the 15 per cent size, and no sand layer should be 
less than 12 in. thick. 

In many cases the importance of using a filter to protect a rock drain or rock 
toe of a dam is not appreciated. Fortunately if one uses run of quarry rock, 
including spalls, chips, and dust, a rough filter sometimes results and we then 
have effective drainage. In some other cases the engineer is insistent on using 
clean rock, and he uses it for a drain without a filter. Sooner or later such a 
drain will silt up or become impregnated with fine material. 

The author remembers one dam where there was some trouble from sloughing. 
Deep ditches were dug down the downstream face of the dam and filled with 
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washed, coarse, crushed stone. In a relatively few years the crushed stone be- 
came impregnated with the fine material of the dam and stopped up. Later 
drains protected by fine gravel and sand were installed, and these functioned 
properly. 

Fig. 26 shows an actual and rather typical rock toe protected by a filter con- 
sisting of a layer of sand and a layer of gravel. There was a particular reason 
for sinking the rock toe into the original surface as indicated. There was a 
blanket of impervious material about 15 ft thick which formed the immediate 
foundation of the dam . Below this impervious stratum there was a deep stratum 
of coarse sand with some gravel under some hydrostatic pressure. It will be 
noted that the rock toe drain penetrates to this pervious material. There was a 



Fig. 26. Typical rock toe with filter protection. 


considerable flow from the pervious stratum through the filter to the rock toe 
drain which discharged to the old river channel. 

There are many cases where a single layer of run of bank sand gravel is all that 
is required to serve both as filter and drain. One should be sure that the sizing 
of the material will be such that impregnation will be insignificant. The neces- 
sary thickness of a proposed filter layer may be readily determined within the 
necessary degree of precision by the method discussed in Art. 25. 

Filters with several layers which must be carefully sized are sometimes neces- 
sary. The filter used at Fort Supply Dam (Fig. 27) is illustrative of one of the 
more elaborate designs, which, because of special conditions, have been consid- 
ered necessary in some cases. They are sometimes rather expensive and may 
cost $5 to $8 per cu yd in place. 

In many cases a nm of bank sand gravel may be used successfully, as in Fig. 21. 
So long as the run of bank material contains the necessary range of sizes, it will 
make its own filter if thick enough. Fine sand or gravel when placed next to 
stone will perhaps run right through the interstices in the stone, but the larger 
gravel will stick and a filter wiU thus be gradually built up. The first thing to be 
sure of is that the pervious run of bank materials contains some particles that are 
of greater diameter than the biggest voids in the stone. Sometimes one can 
chink the surface of the loose rock drain with spalls until the gravel will hold. A 
hose under heavy pressure should be used to pack the run of bank gravel into 
the interstices of the surface of the loose rock. 
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Fig 27. Protective filter details, Fort Supply Dam. {From Tech. Mem. 175-1, V. S. 
Waterways Experiment Station.) 

crushed stone and gravel. There are, however, many cases where filters Tvdth 
several layers of different grading are justifiable. Before deciding on elaborate 
and precise filters of many layers which may cost $5 to per cu yd, it is advisa- 
ble to determine whether it is not more economical to use a much larger quantity 
of run of bank pervious material which is readily available and cheap. The 











692 EAKTH DAMS — GENERAL PRINCIPLES OF DESIGN [Chap. 17 

problBin cannot b© dctormined in the abstract. Each situation should be care- 
fully investigated on its merits. 

26. Determination of Required Thickness of Filter Layer. Example. As an 
example take the dam shown in Fig. 23 with its seepage line as computed in 
Art. 22. From Art. 22, a = 13 and q = = 2A:a (Eq. 7, Art. 10). ^ So far the 

value of h for Fig. 23 has not been discussed as it was not necessary in order to 
locate the seepage line provided only that drain was large enough. For the 
present purposes we will assume that the embankment material is a fine silt and 
that fc = 0.206 X lO""^ = 0.0000206 ft per min; hence g = 0.0000206 X 13 X 2 
= 0.000536 cu ft per min. 



Fig. 28 . Seepage line and flow lines in glass tank model of dam. (Courtesy R. R, Philippe.) 


Now with regard to the drainage layer, we will assume that it is sand contain- 
ing fine sand and coarse sand. The 20 per cent size is 0.1 mm and the permea- 
bility coefficient is found to be 34 X 10”^ ft per min = 0.0034 ft per min (see 
Table 2, Chapter 16). We will also assume that tailwater elevation is 2 ft above 
the horizontal base of the dam at the rock toe. From Fig. 23 1 is 200 ft. Then in 
the Darcy formula q per unit width = k (h/l)A (Eq. 5, Chapter 16). 


A - 



Substituting this value of A in the above equation for q we have 



2ql 

k 


h^ + 4Ji 

2 X 0.000536 X 200 
0.0034 


= 63.0 


(Approximate but on the safe side) 

A = 8.2 - 2 = 6.2 

and the required thickness of the filter layer is 6.2 + 2 = 8.2 ft. 
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To be well on the safe side the filter layer will be made 12 ft thick. If the ma- 
terial in the filter layer were coarser, the required thickness would come out less, 
but the 15 per cent size of the material in the filter layer here used is about 10 
times the diameter of the 15 per cent size of the silt comprising the body of the 
dam, which is about as large material as could be used -vs-ithout danger of impreg- 
nation. More elaborate filters of several layers might be utilized and accom- 
plish the same results, but the quantity of material required for filters and drains 
would have to work out about 10 per cent of that here used in the filter layer in 
order to balance out the lower cost of the filter layer shown in Fig. 23. 

26. Position of Filters and Drains. Drains and filters for earth dams may be 
placed in a number of different positions, each position ha\dng both advantages 
and disadvantages. For usual conditions there is no better drain than a gener- 
ous rock toe about 25 to 35 per cent of the height of the dam with a proper filter 
to prevent impregnation by fine materials. 

In Figs. 20, 22, and 26 dams with substantial rock toes are shown. In many 
locations, however, the rock with which to construct such big rock fills is not 
available except at prohibitive cost. Consequently, various schemes are utilized 
so that proper drainage may be obtained without going to the expense required 
to obtain a big rock toe fill. 

If there is much hydrostatic pressure anticipated near the toe, it can be coun- 
terbalanced by moving the drain and filter farther upstream to get more weight 
on top of it, but in that case seepage will be increased owing to the shortening of 
the path of flow. If the drain is placed at the center line, there is a material 
increase in seepage, but this may be more than compensated for by the fact that 
the safety of the structure is greatly improved by better drainage. 

Under many conditions the authors favor the use of a filter set back xrnder the 
dam a distance of 30 to 50 per cent of the distance from the center line of the dam 
to the downstream toe. If the drain is properly constructed, there is ample 
safety against piping because of the great weight from the dam. Often the 
increase in seepage is not enough to be of economic importance. 

Figs. 20 and 24 show drains which have been built back from the toe in the 
cross-section of the dam. If there is any danger of piping at the toe, the drains 
should be moved back to get greater weight on them. 

27. Effect of Fotmdation Cutoff on Seepage. In many cases where an earth 
Hflin is proposed the foundation consists of alluvial deposits of pervious sands 
and gravels at and near the surface, with an impervious stratum (rock, clay, or 
silt) at a greater depth. Frequently the expense of a cutoff joining the impervi- 
ous stratum in the foimdation with the base of the impervious portion of the dam 
is not prohibitive. Figs. 1, 2, 176, and 18d show sections of dams where a cutoff 
was constructed through a pervious foundation to an impervdous stratum. 

As an example, take Fig. 2 with minimum length of path without cutoff 400 ft, 
I Permeability, coarse sand 1480 X 10“^ = 0.1480/ ft per min, Depth to 
impervious layer 50 ft. Difference in head, h, headwater to tailwater = 85 ft. 
Permeability coefficient of clayey silt 0.06 X 10“'^ = 0.000006 ft per min. 
Minimum length of path through cutoff = 20 ft. 
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Using Eq. 5 of Chapter 16, 5 = A; - A, then with no cutoff, 


0.1480 X 85 X 50 , 

q per foot of width = = 1.57 cu ft per mm 


and with cutoff of average thickness of 20 ft, 

0.000006 X 85 X 50 

q per foot of width = rr- 


0.00128 cu ft per min 


In other words, with the cutoff the seepage through the foundation would be 
about one thousandth of what it would be without the cutoff. This reduction 



Fig. 29. Flow net for pervious foundation of impervious dam with steel sheet piling which 
does not completely penetrate pervious foundation. 

in seepage may be of great importance in connection with the prevention of pip- 
ing or it may be of economic importance because of the value of the water lost. 

28. Steel Sheet Piling Cutoff. In many cases steel sheet piling is utilized for 
foundation cutoffs such as those described in Art. 27 for the reason that when the 
depth exceeds about 30 to 50 ft, it is practically always cheaper to drive steel 
sheet piling than to dig a trench and refill it with compacted impervious soil. 
At Kingsley Dam, Nebraska, steel sheet piling 125 ft long was driven to connect 
the core of the hydraulic fill dam to the impervious stratum below. (See Art. 42 
and Fig. 38, Chapter 19.) With modern methods of driving and jetting it is 
feasible to obtain real assurance that the steel sheet piling reaches the recorded 
depth. By drilling holes each side of the piling it is possible to find out whether 
or not piling has curled or gone out at an angle. The kind of steel pile section 
chosen is important. If there are many boulders a straight heavy section is 
desirable, with a strong interlock such as U. S. M 108 weighing 35 lb per sq ft. 
At Kingsley Dam, however, where there were not many boulders, a section simi- 
lar to M 112 , which weighs only about 23 lb per sq ft, was used. It is not 
practicable to drive steel sheet piling so that it is absolutely tight. One should 
never expect it to be as tight as a cutoff trench fiUed with compacted impervious 
material. Thus in the example given in Art. 27, if steel sheet piling were used 
instead of a cutoff of impervious material, one could with careful workmanship 
and the use of interlock compound reduce the seepage to or J'f 0 what it 
would be without any cutoff. With poor workmanship, or if the pOes cannot be 
seated in the impervious stratum, the reduction might be only 3^ or less. There 
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would be no chance at all of obtaining a reduction of seepage to 3^{ooo of the 
seepage without any cutoff as in Art. 27. 

Jetting is generally essential in reaching material depths with steel sheet piling 
in sandy and gravelly material. In some cases in order to reach depths of 125 to 
140 ft, it has been necessary’’ to use jets discharging 200 to 300 gal per min at 
300 ft head and in addition to use compressed air with the water. Two to three 
jets on each side of the piles being driven are sometimes used in a yoke. 



Discharge Under Cut-Off as % of Total 
Seepage Through Foundation Without Any Cut-Off 


Fig. 30. Seepage under cutoff through foundation for various percentages of penetration 
to impervious strata. Seepage is stated as per cent of that which would occur without 
cutoff. 


29. Partial Cutoff. A partial cutoff is one which extends down from the 
impervious section of a dam into the underlying strata, but does not reach an 
impervious stratum. In many cases it would be impracticable or extremely 
expensive to continue the cutoff to an impervious stratum, and, accordingly, the 
engineer should consider the use of a partial cutoff. 

Owing to the fact that aUmdal deposits are stratified and that, therefore, the 
horizontal permeability may be 10 to 50 times the vertical, the effect of such a 
partial cutoff in reducing seepage may be much greater than might at first appear 
probable. (See Art. 32, this chapter, and Art. 21, Chapter 16.) 

Frequently in driving a steel sheet piling cutoff which is intended to reach an 
impervious layer, it is found impracticable to get all of the piles fully driven and 
seated in the impervdous layers. This may be due to nests of boulders encoun- 
tered or other causes. The seepage which will occur through such openings in 
homogeneous, isotropic materials is much greater than one would expect and is 
somewhat analogous to the fiow through a partly closed valve. 
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The curve in Fig. 30 gives the discharge beneath the partly driven sheet piling 
or partial cutoff as a percentage of the discharge which would take place if there 
were no cutoff and the material was homogeneous. For instance, let us assume 
that the vertical distance from the base of the impervious section of the dam 
down to the impervious stratum under the dam is 100 ft and steel sheet piling is 
driven to a depth of 90 ft but cannot be driven further because of boulders. 
Then from Fig. 30, using 90 per cent as the ordinate, it is seen that the seepage 
which will take place will be 36 per cent of the seepage which would take place 
with no cutoff at all, assuming that the steel sheet piling or other cutoff is tight as 
far down as it goes. The total amount of seepage with no cutoff is determined 
by the same method as in Art. 27. 

30. Upstream Blankets. Instead of using a cutoff (see Arts. 27, 28, 29, 31, 
and 32) under a dam on a pervious foundation, an impervious upstream blanket 
may sometimes be advisedly used. The purpose of such a blanket is to increase 
the length of the path of percolation for seepage under the dam and thus de- 
crease the velocity and quantity of seepage. 

In comparing the efficiency of a blanket with a partial cutoff, consideration 
must always be given to the fact that horizontal permeability is usually much 
greater than vertical permeability. (See Art. 32.) 

In Fig. 31 is shown a dam with a pervious foundation and a relatively impervi- 
ous natural or artificial upstream blanket. In the case of many dams, there is a 
natural blanket from which trees and other vegetation should be removed and 
then defective places patched and the entire surface rolled. 



Fig. 31. Effect of impervious blanket. 

The stream channel has frequently been completely eroded down to sand and 
gravel so that here a complete blanket must be constructed. Even a fully 
natural blanket should be thoroughly roUed with a sheepsfoot roller after remov- 
ing the vegetation. The reason for this is that otherwise there may be numerous 
root holes or tubercles through the blanket to the pervious foundation. For 
usual conditions the upstream impervious blanket should be not less than 5 ft 
thick and there is seldom any good reason for requiring it to be over 10 ft thick. 

The total seepage should not be greater than is economic for the given project. 
The path of percolation under the blanket and the impervious portion of the dam 
should never be less than 8 times the gross head and a ratio of 10 or more is 
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desirable.^® The theoretical blowout or flotation gradient is 1 to 1, as discussed 
in Arts. 34 and 35. However, local piping may occur with much flatter over-all 
gradients. Properly graded and weighted filters are necessary to prevent escape 
gradients approaching 1 to 1 in all such cases, and the higher the seepage the more 
important are such details. (See Arts. 24 and 35.) 

Usually the material available for the blanket is so tight in relation to the per- 
vious underground that it is not necessary to consider flow through the blanket 
in determining the desired length of the upstream blanket. 

In Fig. 31 


in which x 
k 

h 

d 

V 

h 

Q 


length of imper\dous upstream blanket in feet, 
mean horizontal permeability coefficient of the per\dous under- 
ground, 

gross head in feet on impervious upstream blanket, 
depth of pervious underground, in feet, 

percentage (stated as a decimal) of flow under dam without a 
blanket to which it is desired to reduce the seepage by means of 
the blanket, 

length of impervious portion of base of dam, 

flow under dam without a blanket per foot of dam = k(h/b)d 


Example. Assume the following values: k = 0.12 ft per min (medium sand 
gravel), /i = 50 ft, d = 80 ft, p = 0.20, b = 200 ft. 

If there w’ere no blanket at all the discharge under the dam w'ould be Q = 


0.12 X 50 X 80 
200 


= 2.40 cu ft per min per ft width of dam. 


Note that if the 


dam were 1000 ft long, the seepage under it would be 2400 cu ft per min (40 
cu ft per sec) w^hich w^e will assume it is economically desirable to reduce to about 
20 per cent of this amount. Hence p is assumed as 0.20. 


and 


0.12 X 50 X 80 - 0.20 X 2.4 X 200 

X s= = 800 ft 

0.20 X 2.4 




and the seepage under dam and blanket is khd/ {x + h) ~ 0.48 cu ft per min per 
ft of dam. Thus, on the above basis the desired length of upstream blanket to 
be added is 800 ft. The ratio of path of percolation to head is 1000/50 = 20, 
which more than meets the criterion. 

If there is any doubt that seepage through the blanket might be enough to 
make it desirable to increase this length of blanket, it is a simple matter to com- 

^ See E. W. Lane, “Security from Underseepage Masonry Dams on Earth Founda- 
tions,” Trans. Am. Soc. CM Engrs., Vol. 100, p. 1236. 
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pute approximately this seepage and if large enough to materially affect results, 
increase the thickness of the blanket or extend it further upstream. Thus, in the 
above example, assume that the relatively impervious blanket is 5 ft thick and is 
composed of medium silt which in place after rolling has a vertical permeability 
of 0.00002 ft per min. Assume that the average net head on the blanket is h/2 
(actually it is somewhat less). 

Then the discharge through the blanket by the Darcy equation is 


^1 


hiKx + h) 

2t 


[18] 


in which qi is discharge through blanket, ki is vertical permeability coefficient 
of blanket, t is the thickness of the blanket, and the other factors are the same 
as in Eq. 17. 


In the example qi 


0.00002 X 50 X 1000 . , 

= 0.10 cu ft per mm per ft of dam. 


Thus the total seepage under dam and blanket is about 0.48 + 0.10 = 0.58 
cu ft per min. If desired this could be somewhat reduced by thickening the 
blanket, but evidently in this case we would get a much greater proportionate 
reduction in seepage by increasing the length of the blanket. However, the 
length of the blanket determined by Eq. 17 of 800 ft is already sufficient unless 
the water lost by seepage has an unusually high value. If the water lost by 
seepage does have a very high value consideration should be given to a total 
cutoff as discussed in Arts. 27 and 32. 

31. Core Walls. Some years ago a large proportion of all earth dams con- 
structed had core walls of masonry or concrete, and some engineers still feel that 
it is not entirely conservative to construct earth dams without a concrete core 
wall or cutoff. Regardless of whether the material in the foundation was per- 
vious or impervious, it was common practice to excavate a trench to ledge rock 
and bond the core wall to ledge rock and carry it up with the compacted fill on 
each side of it to a point near the top of the dam. The earth dams of the Asho- 
kan Reservoir, New York City Water Supply, utilize such core walls founded orx 
ledge rock, the wall at one point being more than 100 ft below the original 
ground surface (see Fig. 32). 

In the days before concrete became common it was usual to make a narrow 
core out of puddle, which was made by mixing damp clay very thoroughly with 
gravel. The mixture was then tamped thoroughly into place to form a puddle 
wall. These so-called puddle walls formed an excellent central impervious 
section for an earth dam, and the only reason for their discontinuance was the 
fact that it became cheaper to accomplish the same objective by other means. 
Yarrow Dam, Fig. 34, has such a puddle wall. 

The use of concrete core walls was also an insurance against sloppy workman- 
ship in construction. For instance, at a site the river bed might consist of 
stones and gravel on ledge rock. For an earth dam without a core wall, a sloppy 
contractor might just deposit the cla3rish or silty material which was to form the 
central portion of the dam right on top of the loose stones and boulders and thus 
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Cross-Section of South Wing 
Oiive Bridge Dam 


West Basin 
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Fig. 32. Tj’pical cross-section of Ashokan dikes. 



Fig. 33. Junction Darn showing reinforced concrete core wall on steel sheet piling cutoff 



Fig. 34. Yarrow Dam (England); t>T)ical cross^tion showing puddle core. (From 
"Barth Dams,'' by Burr Bassdl, Eng. Xewe Publishing Co., N. Y., p. 10, 1907.) 
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form a sort of French drain from the upstream face to the toe. Such a condition 
might very well result in serious piping. On the other hand, if a core wall were 
constructed at the center line and bonded to the ledge rock, there would be no 
danger of serious piping. However, the authors believe that the best insurance 
of all is competent engineering control of construction. With competent engi- 
neering control one could be sure that the loose rock and gravel would be removed 
and the impervious material of the central portion of the dam bonded to the 
ledge rock. 

However, there are conditions under which it is advisable to use a concrete 
core wall; for instance, in a section of the country where there is no relatively 




Fig. 35. Partial section of typ- Fia. 36. Partial section of typical 
ical reinforced concrete core mass concrete core wall, 

wall. 


impervious material available except at prohibitive cost for transportation and 
where the only material available is relatively pervious sands and gravels, but 
where ledge rock is only 10 to 40 ft below the original ground surface. 

A diaphragm type of reinforced concrete core wall can be constructed and 
founded on the ledge rock which will satisfactorily form the impervious central 
section of an earth dam, with the pervious sand and gravel thoroughly compacted 
to form the supporting shells on either side. Wissota Dam, Wisconsin, Fig. 19a, 
is such a dam, with diaphragm core wall of reinforced concrete founded on granite 
rock. Junction Dam, in Fig. 33, is another one of the same type except that here 
the thin reinforced concrete core wall is founded on a cutoff of steel sheet piling. 

Fig. 35 shows a cross-section of a typical reinforced concrete core wall and 
Fig. 36 shows a section of a typical mass concrete core wall. 

The thin reinforced concrete core walls should be constructed in lengths not 
over 30 ft long and in 10- or 12-ft lifts. Naturally this type of core wall cannot 
stand much unbalanced pressure. Hence the fill in each side should be brought 
up evenly and thoroughly compacted. Copper, aluminum, or rubber water 
stops should be used at vertical construction joints (see Fig. 37). Rubber is 
favored for locations that will always be moist and dark. Diaphragm reinforced 
concrete core walls of this type have been used successfully for many years under 
proper conditions. 
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Where there is good impervious material near the proposed dam site, its use 
for a central core will usually be found more economical and more desirable 
than the use of a concrete core. 
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Rubber Joint 
Rubber Expansion Joint 
Applicable Only to 
Locations Where it Will 
Always be Wet and Dark. 
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Reinforcing Continuous 
Through Joint 
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Strip of Tar Paper 


Enlarged Section 
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Fig. 37. Types of expansion joints used for core walls. 


32. Cutoff Walls. Cutoff walls are usually differentiated from core walls in 
that cutoff walls are in or on the foundation and just reach into the impervious 
section enough to make a bond with it, whereas core walls generally extend up 
into the body of the dam a substantial distance. Cutoff walls, like core walls, 
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were much more used in previous years than they are today. As a matter of 
fact, if proper care is used in bonding the impervious section of an earth dam te 



the foundation of ledge rock, hardpan, clayish material, etc., more resistance to 
seepage can be obtained than with the use of the usual concrete cutoff, for the 
simple reason that clayish silt is tighter than concrete and also the length of con- 
tact is greater. 
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Cutoff walls are sometimes constructed from ledge rock or from any other 
relatively impervious stratum up through a pervious foundation stratum to 
make a bond with the relatively imper\ious section of the dam (see Fig. 38). 
As a rule, if the depth through the per'vious foundation stratum to ledge rock 
or other imper\ious stratum is not more than about 30 ft, a trench refilled with 
relatively imper\ious soil, if available nearby, is usually the most economical w'ay 
of obtaining a cutoff. If the depth materially exceeds 30 ft, it is usually more 
economical to drive steel sheet piling to form a cutoff. A cutoff constructed by 
trenching and refilling with compacted impervious material is shown in Fig. 2. 

Cutoffs of steel sheet piling through a pervious foundation to an impervious 
stratum are shown in Figs. 13, 37, and 38 of Chapter 19. 

Cutoffs which penetrate a per\ious foundation only part way are not usually 
fully effective in reducing seepage, as shown in Arts. 28 and 29. However, such 
cutoffs have one extremely important advantage over an upstream blanket which 
enforces the same length of seepage path. 

Practically all soils deposited by water are stratified or have lenses of material 
of various sizes. A vertical partial cutoff will penetrate a number of these lenses 
or strata and will thus force the seepage to pass through the different strata. 
Some of the strata may be much less pervious than the foundation material 
immediately under the dam. The net result of this is that reduction of seepage 
for the same length of seepage path may be from 4 to 20 times or more as great 
for the partial vertical cutoff as for the upstream horizontal blanket of impervi- 
ous material. 

When earth dams are constructed in a valley w^here the cross-section is entirely 
or largely ledge rock, cutoff walls of concrete or reinforced concrete bonded into 
the ledge rock in the bottom of the canyon or gorge and extending up the sides of 
the ledge rock are frequently used. These cutoff walls generally project 5 to 10 ft 
into the impervious portion of the embankment. In many cases such cutoff or 
baflfle walls offset the effects of imperfect workmanship. In general, except 
where the top of the ledge is unusually firm and free from open seams, a trench 
cut into the ledge rock and refilled with compacted impervious soil is to be pre- 
ferred. The sides of such trenches should have a slope not steeper than 6 vertical 
on 1 horizontal. However, this slope will not eliminate all overhangs, and the 
length of path of percolation should be considered to be only the contact of the 
fin with the bottom of the trench. 

Where the trench runs up a steep abutment, as when the dam abuts against a 
nearly vertical cliff and a trench is excavated in the cliff to expose good rock, and 
in all other cases where the impervious earth element of the dam abuts solely 
against a nearly vertical rock cliff, any overhanging ledges of rock are practically 
certain to result in ca\ities between the rock and the earth. In such cases three 
expedients are possible: 

а. Use cutoff walls as pre\iously described. 

б. Excavate the rock chff on a slope so fiat that no overhangs are possible. 

In some cases this would require a slope so flat as to be uneconomical. 

c. Place a layer of concrete or gunite against the rock to obliterate overhangs. 
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33. Devices for Seepage Line Observation. For determining the elevation 
of the seepage line at various points in the cross-section of an earth dam the usual 
method adopted is to sink several vertical perforated pipes between headwater 
and the downstream toe of the dam. Sometimes a number of unperforated 
pipes are used with their bottoms terminating in pockets of sand. In cases 
where the hydrostatic pressure in a pervious stratum which lies below a rela- 
tively impervious stratum is desired, a well point is used at the bottom and the 
rest of the pipe is tight. 

The piezometer pipes (or more properly seepage pipes) usually terminate at the 
ground surface on the downstream face of the dam or the top of the dam, where 
they are kept capped. Observations are preferably made by dropping a float 
down on a tape to the water surface and measuring the distance down from the 
known elevation at the top. Nicer methods have been devised, but great preci- 
sion is not justified. 

The perforated pipe and well points work perfectly in highly pervious mate- 
rials, including sands and gravels. Care must be taken that openings into the 
pipe are smaller than the diameter of most of the particles in the surrounding 
material. 

In using such pipe in coarse silts, an outside casing should generally also be 
used. The outside casing should also have holes throughout, and the space 
between the two pipes should be filled with sand so that a filter is formed which 
will prevent the silt from passing through the holes in the inside pipe or piezome- 
ter and clogging it. 

The finer the material in the embankment the more difficult it becomes to 
obtain accurate observations on the position of the seepage line. Thus with 
some clays it may take a number of years after the completion of construction for 
headwater to seep through to the first piezometer pipe. Fig. 39 shows several 
types of piezometer pipes used for observing the position of the seepage line. 
The amount of water which seeps through the more impervious soils is so slight 
that it takes an extremely long time for the water level in the piezometer pipes to 
respond to changes in headwater elevation. 

Pressure cells may be used for determining the approximate position of the 
seepage line. Because they require only an insigniflcant quantity of seepage 
water to actuate them, they are tremendously more sensitive than the usual 
piezometer pipes and they eliminate to a large extent the “lag.’’ This makes 
them suitable for installation in embankment materials which are relatively 
tight. 

The hydrostatic pressure cell developed at the U. S. Waterways Experiment 
Station is a recent type requiring little seepage water for operation. The cell is 
33 ^ in. in diameter and 2 in. thick. A perforated plate with a screen soldered to 
it keeps the soil from coming in contact with the diaphragm but allows passage 
of the pore water to act freely on the diaphragm. The diaphragm is an integral 
part of a casing, the inside space of which contains two Baldwin Southwark S R-4 
Bonded Metalectric strain gages. One gage, called the active gage, is cemented 
to the diaphragm and the other, called the dummy gage, is cemented to a metal 
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plate which is attached to the side wall so that it will not be subjected 
stresses from external pressure. The chamber formed by the casing and^iSj^JJ 
taining the gages is sealed from external soil, water, or air pressure by a top plate 
and a gasket, being fastened by screws down to the casing. The chamber has a 
gland attached to it, through which a three-wire electric cable passes, bringing 
the wires to a conveniently located terminal board. (See Fig. 40.) The theory 
of operation is as follows: The pore water pressure causes a deflection of the 
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is Less Pervious as in Rne 
Sands and Coarse Silts. 
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Pig. 39. Piezometer pipes for measuring position of seepage line. 


diaphragm, the strain in which is measured by a change in resistance of the 
electric wire resistance strain gage. The active and dummy gages act as two 
arms of a Wheatstone Bridge and the recording bridge (described in Baldwin 
Southwark Bulletin No. 164) as the other two arms. If the recording bridge is 
initially balanced so that no current flows through the circuit, any unbalance 
due to a change in resistance of the active strain gage is reflected by an unbalance 
of the bridge, resulting in the deflection of the galvanometer. The necessary 
change in resistance in the recording box to rebalance the circuit is a measure of 
the deflection of the diaphragm and of the external pressure applied to the ceU. 
The dummy gage also serves the purpose of compensating for temperature. 
Since it is identical with the active strain gage and is placed adjacent to it, any 
change in temperature that occurs will affect both gages in the same manner and 
will be balanc^ out in the electrical bridge circuit. 
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The above pressure cell has been thoroughly tested in the laboratory, and 
there are also several installations in service. Records obtained so far are ex- 
cellent, but the cell has not been in service long enough to determine its probable 
life. 

With this type of cell no flow of pore water to or from the cell is necessary to 
indicate the pressure. Also no change in the amount of pore water near the cell 




Note Make from Tobin Bronze Except as Shown 

U. S. Waterways Experiment Station 
Hydrostatic Pressure Cell 

10 12 
Scale in Inches 

Fig. 40. Hydrostatic pressure cell, U. S. Waterways Experiment Station, 

is required. Consequently this type of cell is particularly applicable for use 
where the material is relatively impervious. 

As a means of locating the approximate seepage line, the cell is very useful 
except when it is located below an impervious stratum, in which case the hydro- 
static pressure determined would give no inkling of the location of the seepage 
line. 

34. Flotation Gradient and Quick Sand. Usually quick sand is a relatively 
uniform fine sand in a rather loose condition completely saturated and under 
some slight upward hydrostatic pressure. Actually, quick sand is a condition 
and not a material. Coarse sands and gravels are sometimes “quick.” All that 
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is necessary is that the material should be completel^^ saturated and have enough 
upward hydrostatic pressure on it to counterbalance the weight of the particles of 
the material. 

On one dam vdth which the author was connected the foundation throughout 
most of the valley was a coarse gravel (in connection with which an upstream 
blanket 'was used). The gravel was imder enough upward hydrostatic pressure 
that it was ‘'quick” and one could sink do'wn into it halfway to his knees by 
jiggling up and down a little bit. The question arose as to whether it would be 
possible to utilize the “quick gravel” as a foundation for the dam having a 
height of 115 ft. The embankment was constructed on it, lea\’ing a vertical 
shaft through the embankment for the first 30 ft. Water rose in the shaft a few 
feet and after that loads placed on the “quick gravel” did not sink into it at all. 
In other words as soon as the upward relatively slight hydrostatic pressure was 
equalized this “quick” gravel was no longer “quick” but became a stable founda- 
tion -with adequate shear resistance such as coarse gravel should have. 

If water is passing upward through sand or gravel and the pressure and velocity 
of the water is ^aduaUy increased, a condition is reached where the pressure be- 
comes enough to counterbalance the weight of the particles of sand and gravel 
in water. At this point there is a sudden loosening and swelling of the material. 
The sand or gravel is then in what is called a quick condition. It is in an unsta- 
ble eqxxilibrium, and a slight further increase in pressure will cause the material 
to flow away like water. 

For this critical flotation gradient 

V = I = (1 - PKS - 1) [19]*“ 


in which iV — flotation gradient, 
h = difference in head, 

L = length of path, 

P = porosity or per cent voids expressed as a decimal, 

S = specific gravity. 

Using the above formula and assuming a specific gra\nty of 2.65, Harza 
determined critical flotation gradient for various porosities as follows:-^ 


Porosity or Per Cent 
of Voids 
0.30 
0.35 
0.40 
0.45 
0.50 


Critical Flotation 
Gradient 
1.15 
1.07 
0.99 
0.91 
0.825 


2® This equation from L. F. Harza, “Uplift and Seepage Under Dams on Sand,” Trans 
Am, Soc. Civil JEngrs., Vol. 100, 1935, p. 1358 (Eq. 6). 

21 Idem, p. 1376. 
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36. Piping. If the head increases slightly over that which gives the flotation 
gradient of Eq. 19 the material will start flowing, and piping is in progress. 

Piping occurs when seepage water issues from an embankment or ground sur- 
face under sufficient pressure and with suflicient velocity so that the particles 
comprising the material are carried away. 

A number of piping experiments have been made to determine the escape gra- 
dient or hydraulic gradient near the point of egress at which piping may start. 
All the experiments with which the authors are familiar, in general, substantiate 
Eq. 19. Among these experiments are those of Terzaghi,22 Philippe,^® and 
Middlebrooks.^^ 

In some of Philippe^s experiments boils began to show up when the escape 
gradient reached 0.6 to 0.8. Boils began to fonn, but actual piping with a final 
blowout failure did not occur until the escape gradient li/l exceeded 1.5. There 
was one exception to this: where the material was a fine sand, complete failure 
occurred at a gradient of 1.04. 

Vertical piping sometimes occurs at the downstream toe of an earth dam or 
levee. Usually in such cases there is a layer of material in the foundation which 


1 ^ 



Fig. 41. Vertical piping at toe of an earth dam. Note boils on far side of pool. 


is much more pervious than the strata at the surface of the foundation, and as 
the head increases the hydrostatic pressure in this layer increases until the water 
lifts the overlying strata, forming boils on the surface of the ground. 

Boils in thenaselves are not necessarily disastrous. The authors know of one 
dam which had boils at its downstream toe for several years without disastrous 

Am, Inst Mining Met, Engrs,, Tech. Pub. 213. 

R. R. Phihppe at Zanesville Laboratory of TJ. S. Army Engineers (unpublished) . 

** T. A, Middlebrooks at Fort Peck Laboratory of U. S. Army Engineers. 
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results. In each one of the inverted cones which forms a boil the material is in a 
condition of flotation or suspension; indmdual particles rise up and fall back. 
The head increases a bit and then the particles in the cone rise higher and flow 
over the edge of the cone or boil and flow away. This is then a condition of in- 
cipient vertical piping. 

With this condition, to save the dam it is necessary to quickly ring the boils 
with sand bags, put in a low auxiliary dam, or adopt other means so that some 
back pressure will be exerted on the boils. If sufficiently prompt action is taken 
it is usually possible to establish a condition of stability, so that the boils will just 
go on boiling and the water will flow out of the boils, but it will not carry material 
Vrdth it. In Fig. 41 is shovm a case of incipient vertical piping. 

To make a permanent repair, coarse sand and gravel is first placed over the 
area in which the boils occur and then covered with coarser stone until the added 
weight overcomes any tendency toward movement even at mAYimnm head. 
Local vertical piping may occur even if the path of percolation is very long in 
relation to the head because all that is necessary is that the escape gradient 
should be very steep. Such local piping remote from the dam is generally not 
serious. 

Horizontal piping occurs where the seepage water issues from the downstream 
face of an earth dam or natural bank with enough force and velocity to carry 
away particles of the materials of which the dam or the bank is composed. With 
horizontal piping the water sometimes almost gushes from the face and erodes 
the downstream face below the point of egress. The horizontal piping soon 
results in the formation of a small tunnel running back into the dam with the 
roof continually falling in and being carried away by the piping water. 

Once horizontal piping has started the only remedy is to dump rock grading 
from fine to coarse right into the downstream face where the horizontal piping is 
occurring, so that an impro\dsed drain and filter will be formed and the piping 
stopped. Both horizontal and vertical piping are serious and may lead to 
complete failure of the dam if not promptly corrected. 

The possibility of serious piping may be prevented by having the path of 
percolation sufficiently long in relation to the head, thus reducing the hydraulic 
gradient, and by providing properly designed and constructed filters and drains 
so that a dangerous escape gradient will be avoided. (See also Arts. 21, 24 
and 30.) 

For safety against piping in dams the minimum ratio of length of path to head 
should be not less than l/h = 5, which, according to Eq. 19, with specific gra\ity 
= 2.65 and per cent of voids = 50 per cent would mean a theoretical factor of 
safety of 6. 

In case of highly pervious foundations without cutoffs the minimum ratio of 
l/h should be not less than 8 for the foundation and 10 is preferable in many 
cases. (See Art. 30.) 

Under special conditions where drainage and filter systems are specially de- 
signed for the given conditions low^er ratios of I h may be acceptable. 
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36. Cause of Free Passage of Water Through Dams. Seams or openings 
through an earth dam permitting the free passage of water may be caused in a 
number of ways, chief among which are the following: 

1. By water following the exterior surfaces of pipes or conduits through the 
embankment. 

2. By burrowing animals, such as muskrats. 

3. By the placing of very pervious material containing large stones in an other- 
wise impendous embankment in such a manner as to make a blind drain from the 
upstream to the downstream face. 

4. By failure to bond and compact the succeeding layers of the embankment 
properly. 

5. By failure to bond the lower layers of an earth dam properly to the founda- 
tion. 

6. By water following the smooth surfaces of concrete abutments or other 
concrete structures or passing through “French drains’' accidentally created 
along the sides of such structures by deposition of gravel and stones. 

37. Pipes or Conduits Passing Through Earth Dams. Pressure pipes or 
conduits passing through earth dams have been a source of trouble. Water from 
the reservoir has a tendency to follow along the smooth surface of such pipes or 
conduits. Even if the pipe through the embankment is well provided with con- 
crete cutoff walls, the embankment may settle, and, if the settlement is unequal, 
the pipe will be disturbed and distorted, the joints may leak or even break apart, 
possibly causing a blowout and the destruction of the embankment. 

All pressure conduits through earth dams require special consideration in 
design and construction. It is often desirable to require pressure conduits in an 
earth dam to be placed inside a concrete conduit or tunnel with free space around 
them. 

The questionable procedure of supporting the pipe on piers from the founda- 
tion is sometimes adopted. If the pipe between supports is not sufficiently 
strong to support the embankment above, it may break when the material settles 
from under it. If the pipe between supports is sufficiently strong to sustain the 
load, the earth shrinking away from the under side leaves an opening for the free 
passage of water. 

The author strongly believes that pipes and conduits should never pass 
through an earth embankment unless they rest in the original foundation mate- 
rial or are built on a battered solid masonry wall as thick as the outside diameter 
of the conduit (provided with cutoffs) founded on the original foundation mate- 
rial and extending throughout the embankment. The best practice is to place 
pipes and conduits in trenches excavated in the original foundation material or 
in a trench or tunnel through rock excavated through the hill at the side of the 
dam. ^ Where pipes are used they should be embedded in concrete placed in 
the pipe trench at least up to the horizontal diameter of the pipe, in addition to 
being provided with suitable collars in the manner indicated in Fig. 42. 

Pipes placed in trenches excavated in the foundation should have several con- 
crete collars. Where the concrete collars are to be constructed a cross trench 
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should be dug in the bottom and into the sides of the main trench at least 24 in. 
Exposed faces of collars should have a vertical batter not steeper than 1 on 10 
so that the embankment, when deposited, will tend to reach tighter and tighter 
contact with it as consolidation progresses. Forms should be built so as to 
block only the main trench, thus allo\^ung the concrete to fill all the space of the 
cross trench. The concrete collar should be built at least 2 ft above the top of 
the main trench. The concrete used for collars should be of about 1:2:4 mix 
or equivalent and just wet enough to tamp readily, as more water vdll cause 
shrinkage. 

There should be not less than three cutoffs throughout the width of the imper- 
vious portion of the embankment. After the cutoff forms have been removed, 



Fig. 42. A suitable method of protecting pipes passing under dam. 

the pipe trench should be carefully refilled; the earth being deposited in layers 
3 or 4 in. thick and rammed thoroughly, with compressed air power tampers, 
before the next layer is placed (see Fig. 43). Before the next layer is deposited, 
the material in place should be lightly sprinkled with water, if it is not suffi- 
ciently moist, so as to insure a bond between layers. Trenches of this kind 
should not be puddled, as puddling may cause the fill to shrink away from the 
walls of the trench. 

Puddling, as generally practiced, is a very different process from that followed 
in constructing the puddle walls or puddle cores of many of the older earth dams. 
Usually an excavation is filled nearly full of water and then the earth simply 
dumped in. This procedure is seldom permissible and in many cases is posi- 
tively dangerous. 

It would seem that the construction of a concrete co llar is so simple as to 
require little attention. However, the author has seen many defective collars 
constructed. In some cases, the cutoff did not extend to the walls of the trench, 
whereas in others the concrete merely touched the sides of the trench instead of 
projecting into them. The partial failure of the Table Rock Cove Dam in 
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South Carolina (see Table 1) forcibly illustrates the importance of providing 
suitable protection for pipe lines passing through an earth dam. 



Control of outlet pipes or conduits should always be from the reservoir side by 
means of suitable valves or gates. With this arrangement it is possible to repair 
defects which may develop in a conduit. 

38. Protection Against Burrowing Animals. Burrowing animals, particularly 
muskrats, have been blamed for the failure of many earth dams. Woodchucks, 
snakes, beavers, eels, crawfish, mice, and rats are also said to have injured earth 
dams. The muskrat, however, apparently causes more damage than any of the 
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others. Many of the recorded early failures in America are said to be due to his 
burrowing habits. In the days of the old canals, he was a source of trouble to 
those charged with the maintenance of the embankments. Whenever a mill 
dam failed and the reason was not entirely clear, the muskrat received the blame. 
It is probable that many earth dam failures attributed to burrowing animals 
were really due to some other cause. Most failures attributable to burrowing 
animals have occurred in small and unimportant structures. 

With the much greater top widths of earth dams and the greater freeboard, the 
possibility of serious injur}’’ from any burroving animal is slight. The authors 
know of no authentic case where the failure of a large modem earth dam was due 
to burrowing animals. 

39. Accidental Blind Drain Through Embankment. The careless placing of 
materials occasionally causes what is, in effect, a blind drain from the upstream 
to the downstream face. Such a condition is avoided by preventing coarse 
material — stones and coarse gravel — ^from forming a continuous line from the 
upstream to the do'wnstream face. There is often some chance of something of 
this sort happening along the walls of a canyon or along a conduit. 

40. Passage of Water Through Uncompacted Material. If succeeding layers 
of the embankment are not properly compacted and bonded there is a chance for 
water to pass through the loose material. After work on an emba nkm ent has 
been suspended for a time, the surface may become hard and smooth. If addi- 
tional layers are placed without special precautions to secure a bond between the 
new work and the old, there will be danger of a leak along the plane of contact 
vith the pervious uncompacted layer. 

41. Bonding Earth Dams to Their Foimdations. It is of the utmost impor- 
tance to bond the lower layers of earth dams properly to the foundation material 
in order to prevent the passage of water along any possible dividing plane be- 
tween the foundation and the dam. All perishable material, such as stumps, 
brush, sod and large roots, should be removed from the foundation. All top soil 
containing more than 10 per cent of vegetable matter should also be removed 
from the base of the dam. 

Earth dflinR are sometimes built without top soil or even the sod being re- 
moved. Such practice is reprehensible for reasons pre\dously stated. Some 
engineers are so particular about the removal of aU vegetable substances that 
they require the removal of all roots, no matter how small or how widely sepa- 
rated. As a matter of fact, small segregated roots in an embankment or founda- 
tion could not do the slightest harm. 

42. Cutoff Buttresses on Spillway and Powerhouse Walls. Spillway abut- 
ments, powerhouse walls, or other concrete walls extending through the dam in 
an upstream and downstream direction should be provided with cutoff buttresses 
projecting well into the embankment. There should be at least two buttresses 
on each wall passing through the embankment. It is unnecessary to make them 
more than 12 in. thick if they serve only as cutoffs, but they should be lightly 
reinforced in order to prevent separation from the main waU. The cutoff walls 
and the rear face of the main wall should have a slight batter (about 1 on 10), so 
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that Shrinkage of the embankment will tend to bring the earth in closer contact 
with the concrete. This is an important detail since, with vertical walls, there 
may be a distinct tendency for the earth to shrink away from the concrete. 
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CHAPTER 18 


STABILITY OF EARTH DAMS 

1. General. The stability of a dam is that property which enables it to stay 
ill position. A dam is stable if the resultant of all the forces acting on the dam 
does not result in movement. Thus there are degrees of stability. If the forces 
resisting movement are in exact balance vdth those forces tending to produce 
movement, the dam would be barely stable and the factor of safety would be 
unity. This would be a dangerous condition because the slightest increase in the 
acting forces would result in failure. On the other hand, if the ratio of the forces 
resisting movement to those tending to produce movement is 1.5, we have a 
factor of safety of 1.5, which is generally considered adequate in structures of 
earth or rock. 

In comparison with the usual determined factors of safety for structures of 
concrete and steel, the factors of safety of 1.3 to 1.5 generally considered accepta- 
ble in the design of earth dams seem very low. There are several reasons for the 
apparent lowness of the acceptable factor of safety in earth dam designs, some 
of which may be mentioned: 

a. The figures used for the strength of earth materials are necessarily taken 
quite close to the minimum values obtamed, and the strength which would be 
mobilized before disastrous failure could occur would usually be much greater. 

5. Usually the factor of safety increases with the passage of time owing to 
consolidation, etc., so that a factor of safety which was originally 1.3 may 
eventually become 2. 

c. In most cases the forces tending to produce movement are taken at the 
upper possible limit but may actually be materially less than the assumed values. 

The net result is that if the investigation and analysis have been thorough, w'e 
usually have rather conclusive e\idence that the factor of safety determined is 
the minimum to be expected. 

Chapter 17 was devoted very largely to the effects of seepage through and 
under earth dams and to methods of minimizing and controllmg seepage. 
Hence, in the present chapter it will not be necessary to devote much time to the 
effect of seepage on stability. The pr^ent chapter wiU pro\dde methods of 
satisfying the following criteria of design 3,4, and 5 as listed in Art. 7, Chapter 17. 

In this chapter the authors first present rough and approximate methods for 
determining the stability of earth dams because the concepts of Coulomb and 
Rankine involved in such methods are already familiar to practically all engi- 
neers. Because these methods deal with plane surfaces only and there is gen- 
erally a curved surface along which resistance to shear may be less, the required 
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factor of safety when using such methods should, in general, not be less than 2. 
Such methods are suitable for use in preliminary investigations, but the results 
obtained by them should be checked by the more precise methods discussed later 
herein for the final analyses of stability. 

2. Stability of Earth Dam Against Headwater Pressure. The principal con- 
cern of the designer of masonry dams is to make the dams entirely safe against 
headwater pressure, whereas with earth dams we seldom have to worry about 
headwater pressure. The reason for this is that if an earth dam meets the cri- 
teria of design given in Art. 7, Chapter 17, it will be found to be safe against 
headwater pressure. 



Wt of Materia! in Dam 

DryWt 118lb/cuft 

Saturated Wt. 137 Ib/cu ft 
Submerged Wt. 74.5 Ib/cu ft 
Moist Wt. 122 Ib/cu ft 

Fig. 1. Effect of headwater thrust on stability (see Art. 2). 


It is believed that the example illustrated in Pig. 1 will make this clear. The 
dam is 100 ft high, the slopes are 1 on 2, and the maximum headwater is at an 
elevation of 90 ft above the base. The position of the seepage line results in 
65 per cent of the cross-section being saturated and submerged. 

From the data given in Fig. 1 the average unit weight may be computed thus: 

65% of material submerged 0.65 X 74.5 = 48.5 lb 

35% of material moist 0.35 X 122 = 42.6 lb 


Average unit effective weight of cross-section 91.1 Ib/cu ft 


20 -4- 420 

The area of the cross-section is X 100 == 22,000 sq ft. The effective 

weight of a section of the dam 1 ft wide will be 


22,000 X 91.1 
2000 


1002.1 tons, an average pressure of 


1002.1 

420 


2.40 tons per sq ft 


We will assume that tan 0 of the material of which the dam is composed is 0.3 
and neglecting cohesion, the shear resistance is 1002.1 tons X 0.3 = 300.6 tons 
(Note: if tan <j> were much less than 0.3, slopes would be much flatter.) 
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The headwater pressure will be perpendicular to the upstream slope, but the 
horizontal component of this pressure will be 



62.5 X 90 X 90 
2 


= 251,000 lb == 125.5 tons 


Thus the over-all factor of safety against horizontal shear due to headwater 

300.6 _ . , , , . 125.5 

pressure is ~ 2.41. The average shear due to headw^ater pressure — 

= 0.297 ton per sq ft. 

Usually the headwater pressure in an earth dam is not taken at the upstream 
face in accordance with the usual concept for masonrj" dams but is dissipated in 
the form of friction throughout the path of flow through the structure. 



Fig. 2. Shear in downstream portion of dam (see Art. 3). 


3. Horizontal Shear in Downstream Portion of Dam. The following is a 
simple method of determining the approximate horizontal shear stress in an earth 
dam at any given elevation. 

In Fig. 2 a vertical plane is passed through the cross-section of an earth dam; 
we will consider for the present only the downstream portion of that cross-section. 

Let w = the mean unit weight of the embankment material in the central 
section of the dam. In connection with determining the value of 
w, take the height of material which is below the seepage line at its 
submerged (or buoyant) unit weight and the height of material 
above the seepage line at the center of the dam at its moist or dry 
unit weight, and then take the weighted mean as w. 
wi — the equivalent liquid weight per cubic foot of the material of which 
the dam is composed = w tan^ (45® — • 

Ww — unit weight of water, 62.5 lb per cu ft. 

h = vertical distance from top of dam down to base or to the horizontal 
plane under consideration. 

fii — vertical distance from seepage line down to base of dam on horizontal 
plane under consideration. 

bd = horizontal distance from top to bottom of downstream face. 



718 


STABILITY OF EARTH DAMS 


[Chap. 18 


Sd 

Smd 

<l> 

Hd 


average unit shear on downstream half of base of dam on horizontal 
plane through dam per 1 ft width of dam. 
maximum unit shear on downstream half of base of dam or on a 
horizontal plane through dam corresponding to h. 
angle of internal friction of the material in the dam. 
total horizontal shear on the downstream portion of dam in accord- 
ance with Rankine. 


2 

Hd 


= pressure of headwater 
Wih? 


+ 


tVyjh J 


Hd=- 


Sd=^ 


2 2 
h^w tan^ (45° 




h^w tan^ (45° 


y4<l>) 


Wy)hj 1 


[ 1 ] 


[ 2 ] 


2hd 2hd 

As indicated in Art. 8 the maximum unit shear may be twice the average; hence 


^ /intJ tan- (45° — , Wu^hl 

^md = 7 1 : 

Od Dd 


[3] 


The above Eqs. 1, 2, and 3 are directly applicable to the downstream half of 
an earth dam only. 

4. Horizontal Shear in Upstream Portion of Dam. The most severe condition 
to which the upstream portion of the dam can be subjected is to have the water 



Fig. 3. Shear in upstream portion of dam with sudden drawdown (see Art. 4). 


suddenly and instantaneously drawn out of the reservoir. Inasmuch as to have 
this happen would require the failure of some of the parts of the structure, this 
criterion is sometimes objected to as far too severe. 

However, with very impervious materials the internal pressures that would 
result in the upstream portion of an earth dam from drawing down the reservoir, 
say, 10 ft in a week would not be greatly different from what it would be if the 
reservoir was drawn down 10 ft instantaneously. 

If the material in the upstream part of the dam, on the other hand, is relatively 
clean rock or gravel, it may be assumed that it will drain just as quickly as the 
reservoir can be drawn down. 
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In general in case of sudden drawdown (see Fig. 3), the upstream portion of 
the dam would still be saturated on its completion, and, accordingly, one should 
utilize the saturated weight of the material for all material below the maximum 
seepage line when computing the shear. On the other hand, when it comes to 
computing the forces resisting shear, the unit weight utilized for all materials 
below the maximum seepage line will be the submerged (or buoyant) unit weight 
of the material except that clean rock and clean coarse gravel may be taken at 
its dry or moist unit weight both in computing shearing forces and in computing 
resisting forces. (See also Art. 20, this chapter.) 


1^6 = submerged unit weight of material in upstream portion of dam. 
Ws = saturated unit weight of material in upstream part of dam. 
hu = horizontal distance from top to bottom of upstream face. 

Hu = total horizontal shear on upstream portion of dam. 

Su = average unit shear over upstream part of dam. 

= maximum unit shear over upstream part of dam.^ 

For h, hi and see section 3 


Hu = 


hrWs tan- (45° 


, U'rrhi 


^ h-Ws tan- (45° - y2<i>) , 

T ■ 


2bu 

maximum unit shear Smu = = 


2bu 

h^Ws tan^ (45° — 


bu 


+ ■ 


bu 


[4] 

[5] 
16] 


The position of the maximum unit shear stress may, without serious error, be 
taken at a point 40 per cent of the horizontal distance from the top of slope to the 
point where the slope intersects the horizontal plane or base under consideration. 

6. Factor of Safety of Earth Dam Against Horizontal Shear. The resisting 
force against the horizontal shear on the downstream portion of the dam, Fig. 2 is 


Rd = Wed X tan i" H>d 


[7] 


in which Rd = total force resisting shear in downstream portion of dam, Wed == 
total effective weight of downstream portion of dam, c = cohesion or no load 
shear resistance per unit of area, and the other symbols have the same meaning 
as in Arts. 3 and 4. In computing Wed, the unit weight of the material below the 
seepage line should be taken at submerged unit weight (wb) and that above or 
outside of the seepage line at dry unit weight. Then 

[8] 


in which Fd is the average factor of safety against shear in the downstream por- 
tion of the dam and Hd is total horizontal shearing force on the downstream 
portion of the dam as in Art. 3. Because the horizontal plane is not \isually the 

^ Symbols whose meanings are not here designated have the same meaning as in Eqs. 1. 
2, and 3 of this chapter. 
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weakest plane for failure, Eq. 8 should give a factor of safety of at least 2 in 
order for the design to be satisfactory.- 

For the upstream portion of the dam the assumption of sudden drawdown will 
be utilized as the most severe (see Fig. 3). 

Ru = Weu X tan <^> + cbu [9] 

in which Ru == total force resisting shear in upstream portion of dam, Weu = 
total effective weight of upstream portion of dam, and the other symbols have 
the same meaning as heretofore. 

In computing Weu, the unit weight of the material in the upstream portion of 
the dam below the seepage line should be taken as the submerged (or buoyant) 


3’ Dumped 
Riprap on 12 
of Gravel 


Max. Headwater El. 90 



El. 100, Top of Dam 




-0.4x350 



Position of Max. 
Unit Shear Upstream 


Filter and Drain 


Position of Max. 
Unit Shear Downstream 


Fig. 4. Assumed design for determining safety factors in horizontal shear 
(see Arts. 6 and 7) . 


unit weight except that stone and coarse clean gravel may be taken at unit dry 
or moist weight. Material always above the seepage line may be taken at dry 
or moist unit weight. Then 

Fu = ^ [ 10 ] 

mIu 

In Eq. 10 Fu is the average factor of safety against horizontal shear in the up- 
stream portion of the dam and the other symbols have the same meaning as 
heretofore. 

Fu is also referred to as the factor of safety against sudden drawdown. Be- 
cause there is generally some other plane which is somewhat weaker than the 
horizontal, the factor of safety shown by Eq. 10 should be at least 2 ® for the 
design to be considered satisfactory. 

6. Safety Against Downstream Horizontal Shear. Example. As usual we 
will just assume a design and then analyze it to see if it is satisfactory in the 
stated respect. Accordingly, we take the dam whose cross-section is given in 
Fig. 4. The case is relatively simple as the dam is of homogeneous material con- 
sisting of a medium silt placed in 6-in. rolled layers. The upstream slope is 1 

^ Utilizing the dangerous circle method, a factor of safety of 1.6 is generally considered 
satisfactory. 

® When the dangerous circle method is used a factor of safety of 1.5 is generally con- 
sidered satisfactory. 
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on 33^ and the downstream slope is 1 on 2j^. The dam is 100 ft high and is 
founded on a firm and relatively iinpervdous foundation. 


Assumptions: 


Void ratio, material in dam, e == 0.43 


or per cent voids (or porosity) n 


e 

iT^ 


= 0.30 


spg (specific gravity) = 2.65 

Hence unit weight per cubic foot (dry) = 

62.5 X 2.65 X (1 - 0.30) 

Water contained in pores when saturated 0.30 X 62.5 = 


116 Ib/cu ft 
18.8 


Saturated unit weight 134.8 

Deduct weight of same volume of water 02.5 lb/ cu ft 

Submerged or buoyant weight per cubic foot 72.3 lb/ cu ft 

Moist weight per cubic foot wiU be assumed as 120 Ib/cu ft 

Shear tests have been made on the material at the given density or weight per 
cubic foot, and it has been found that the value of c (unit cohesion) is so slight 
that it may be neglected and that the angle of internal friction is 26®. Thus 
c = 0 . 

<^> - 26® tan <^> = 0.488 

We will first find mean w for Eq. 1. Up to elevation 60 the material is below 
seepage line ^ and will have submerged (or buoyant) unit weight of 72.3 Ib/cu ft 
and above and beyond the seepage line unit weight will be taken as moist or 
120 ib/cu ft. 

^ 40Xl20 + 60 X 7ij ^ ,0 ^ 5 ^ E 1 

100 

10,000 X 91.50 tan® (45° - 13°) , v.\k\ 

Hi- 2 2 

45° - yi4> = 45° - 13° = 32° 

tan 32° = 0.625 and tan® 32° = 0.391 

^^ 62.5 X 60 ^^^^2 600 lb 
2 2 

Hi = 5000 X 91.50 X 0.391 + 112,600 = 291,600 lb = 145.8 tons 

which is the total horizontal shear per foot of width tending to move the down- 
stream section of the dam downstream. Fig. 5 may be conveniently used for 
obtaining wi — w tan® (45° — 

Next we must determine the resisting forces downstream. Total area of 

100 X 250 

downstream portion of dam is ~ = 12,500 sq ft and imder the seepage 

* For the determination of the seepage line see Arts. 10 to 17, Chapter 17. 
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line ® = 60 X 100 X 0.67 = 4030 sq ft of submerged material, leaving 8470 sq ft 
of moist material. Thus per foot of width there will be 


8470 X 120 lb = 1,017,000 lb 
4030 X 72.3 lb = 291,600 


1,308,6001b = 654.3 tons 



Values of Tangent 


Fig. 6 . Curves of equivalent liquid weight for various angles of internal friction 
(From Rankine’s formula, equivalent liquid weight = w tan* (45° — where to is 
weight of soil in lb per cu ft.) 


and from Eq. 7 the total resisting force against downstream movement is 
Rd = 654.3 tons X 0.488 + 0 
Rd = 314 tons 

Thus the average over-all factor of safety against downstream shear is 


Fd 


314 

145.8 


2.16 


which, as already indicated, would be considered satisfactory. 

® This is approximate only. Any suitable method of determining the area under the 
curve would be satisfactory. 
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We should now investigate the safety factor at the point of maximum shear, 

145 8 

Applying Eq. 2, the average unit shear will be = 0.583 ton per sq ft and 

maximum unit shear, Eq. 3, will be 0.583 X 2 = 1.17 tons per sq ft. 

The point of maximum unit shear is approximately 0.4 X 250 ft from top of 
downstream slope.® Unit shear strength at point of maximum shear = 60 X 
120 X tan (^) = 60 X 120 X 0.488 = 3520 lb, 1.76 tons sq ft. 

^ ^ , unit shear strength at this point 

Factor of safety = r 

maxmium unit shear 


at point of maximum unit shear = = 1.51, w’hich is satisfactor}^ for point of 

maximum shear. 

7. Safety Against Sudden Drawdown, Upstream Horizontal Shear. Example. 
StiU dealing with the dam -whose cross-section is shown in Fig. 4, we will proceed 
to determine the factor of safety of the upstream portion of the dam against 
sudden drawdown of the water in the reseiwoir. There is necessarily some riprap 
on the upstream face which could be very useful in the assumed contingency, but 
for the present w^e will neglect its existence. 

Assumptions on weights of materials will be as in Art. 6, Applying Eq. 4 of 
Art. 4, we have for total upstream shear stress with 

Ws = 134.8 Ib/cu ft 

„ 10,000 X 134.8 tan- (45'’ - li<l>) , 62.5 X 60 X 60 

Hu — (y 2 

(j> = 26°, 45° - } i(l> = 45° - 13° = 32°, tan- 32° = 0.391 

Hu = 5000 X 134.8 X 0.391 + 112,600 = 375,000 lb = 187.5 tons 

Note that complete saturation is assumed, whereas top 10 ft of slope is not 
actually saturated. This, of course, is on the safe side. 

Now to determine the resisting force to the above shear. 

350 X lOO 

Area of upstream portion of dam = = 17,500 sq ft 

Effective unit weight under sudden drawdown conditions — 72.3 Ib/cu ft which 
is the submerged unit w^eight of the material. 

Total effective weight = 17,500 X 72.3 = 1,265,000 lb - 632.5 tons ^ 

Ru = total shear strength = 632.5 X 0.488 — 309.0 tons 

® l^uni6rous photoelastic tests indicate this as the approximate point out to which the 
maximum shear extends. 

^ The fact that the upstream section contains some material above or outside the seepage 
line is neglected. 
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Average over-all factor of safety against sudden drawdown 


F 


U — 


309 

187.5 


1.65 


which is satisfactory. As previously stated, it is generally considered that the 
average over-all factor of safety against horizontal shear should be at least 2 
by this method and accordingly this case requires further investigation by the 
method illustrated in section 17. 

The factor of safety at the point of maximum unit shear in the upstream 
portion of the dam will now be determined. The average unit shear in accord- 
187 5 

ance with Eq. 5 will be - - - = 0.536 tons per sq ft, and in accordance with 
ooO 

Eq. 6, the maximum unit shear will be twice this or 1.07 tons per sq ft. Location 
of maximum shear, as before, will be approximately at a point 0.4 of the hori- 
zontal distance from the top to the bottom of the slope. 

At this point the unit shear resistance will be 60 X 72.3 X 0.488 = 2120 = 
1.060 tons sq ft. 

1 06 

Factor of safety at point of maximum shear = = 0.99. 

It is logical to accept a lower factor of safety at point of maximum shear be- 
cause if the factor of safety at that point were less than unity there would prob- 
ably be a slight movement and stress would be transferred to other points so long 
as the over-all factor of safety materially exceeded unity. 

8. Discussion of Rough Methods of Slope Design. If as the result of the 
calculations described in Arts. 3 to 7, inclusive, it is found that the over-all factor 
of safety for either the downstream or upstream slope is much less than 2, or if 
the factor of safety at point of maximum shear is much less than 1.5, then the 
slope should be flattened and the stability calculated again. 

In the example chosen we neglected cohesion, but if cohesion is to be taken into 
account, as it should be if it is significant, a slightly modified value of <#> in the 
expression tan^ (45° — 3^0) may be used. Fig. 5 will be useful in making cal- 
culations involving the above quantity as the '^equivalent” liquid weight wi = w 
tan^ (45° — /^<^) may be read directly from the figure. For a method of deter- 
mining a modified value of <^> to use in the equation for determining value oi wi, 
see Art. 9. 

The position of the maximum unit shear is empirical as far as these calculations 
are concerned, but it is in substantial accord with photoelastic determinations 
and with other methods of calculation. The assumption that the maximum unit 
shear is twice the average is in accord merely with the simple elastic theory with 
triangular loading. Photoelastic studies indicate that this is a conservative 

i -I , . T . maximum unit shear . 

assumption, as m such model studies the ratio : — ; is frequently 

average umt shear ^ 

1.4. 

The foregoing rough method of analyzing stability of slopes of earth dams is 
claimed to be simple and quick and to give results which agree quite well with 
results obtained by other suitable methods. It may be applied to any horizontal 
plane through the dam. 
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9. Approximate Shearing Stresses in Fotmdation. The assumption used that 
an earthen material has an equivalent liquid unit weight which would pro- 
duce the same shear stress as the material itself has already been used herein. 
The same assumption or theory" has been 'v^ddely applied to the design of retain- 
ing walls. It will now be applied to determining in an approximate manner the 
shear stress in a foundation. 

Foundations consisting largely of coarse sands and gravels or of thoroughly 
consolidated silts or clays usually show high shear strength, but foundations con- 
sisting of fine, loose, cohesionless materials or of unconsolidated clays and silts 
may be very defective in shear strength and require thorough investigation. 



Fig. 6. Approximate shear stress in dam foundation (see Art. 9) . 


In Fig. 6 there is shovm the one-half section of an earth dam founded on a 
foundation the safety of which is to be determined. 

sJ-h^v,Un^(4o^-f) [ 11 ] 

S = total horizontal shear down to rigid boundary, 

Ai = vertical distance from top of dam down to the “rigid boimdary,” such as 
ledge rock or a sand gravel stratum, the strength of which is great as 
compared with that of the overlying materials, 

h 2 = vertical distance from base of dam (or original ground surface), down to 
the “rigid boundary,” 

b = horizontal distance along base from top shoulder of slope to the toe of 
the dam, 

w = effective weight per cubic foot of the material in its actual condition. 

It is here assumed that unit weight of dam and foundation material are the 
same; if they are different, use a mean (weighted in proportion to depth of each). 

(fii = equivalent angle of internal friction determined as follows: 

c + U'/ii tan <^> 

in which c is the determined cohesion or no load shear in pounds per square foot 
and <^> is angle of internal friction as determined by test. Having determined 
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tan <f)i, the value of <^>i in degrees is readily determined from Fig. 5 or from any 
table of natural tangents. 

As S above is the total horizontal foundation shear, the average unit shear is 

= I [13] 

in which Sa = average horizontal foundation shear per square foot, 

S = total horizontal shear per square foot, 

b = horizontal distance along base from top shoulder of slope to the 
toe of the dam. 


The maximum unit shear may be found from the following relationship, which 
has been substantially checked by photoelastic analyses : 

= 1.4/Sfa [14] 

in which is maximum shear per square foot in the foundation. 

In locating the horizontal portion of the maximum unit shear, its location may 
be taken at a point 0.46 from the upper shoulder of the slope. Photoelastic 
model studies indicate that this is a fair approximation for its position. 

10. Approximate Shear Stress in Foundation. Example. In order to pro- 
vide a numerical example we will now assign values to the various factors of 
Fig. 6 and Eq. 11 and will then determine the approximate shear stress and later 
in Art, 11 the factor of safety of the foundation. 

The height of the dam in Fig. 6 will be taken as 100 ft. 

hi = 160 ft 

h2 = 60 ft 

h = 400 ft 


From Eq. 12 


and from Fig. 5, <^>i = 18°. 


w = 120 lb 
0 = 17° 
tan (j) = 0.306 

c = 0.20 ton sq ft = 400 Ib/sq ft 
400 + (160 X 120 X 0.306) 


160 X 120 


= 0.326 


Also from Fig. 5, the value of w tan^ ^45° — ^ for w = 120 lb per cu ft and 

tan 01 = 0.326 is found as 63.5 lb (equivalent liquid unit weight). Then from 
Eq. 11 total shear in foundation along 6 (Fig. 6) 

1 

g = X 63.5 = 698,500 lb = 349.3 tons 


2 
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349.3 

‘ == 0.875 ton per sq ft 
400 

In accordance with Eq. 14 the maximum unit shear will be 1.4 X 0.875 = 1.23 
tons per sq ft. 

11. Approximate Factor of Safety Against Foundation Shear. Example. In 
this section we are dealing with the factor of safety at the time of completion of 
the dam before headwater is raised. It is to be understood that cf) and c given 
in Art. 10 apply to the foundation at the state of consolidation that it had at that 
time. 

Continuing the same example as in Art. 10, we will now determine the factor 
of safety against shear in the foundation at the time the dam was just com- 
pleted. 

Unit shear strength of foundation below toe = c + wih 2 tan <t), where wi is 
effective unit weight of material. Assuming that ground-water level is at 
ground surface in this case, the submerged unit weight = 120 — 62.5 = 57.5 lb 
per cu ft. Unit shear strength below toe = 400 + (60 X 57.5 X 0.306) = 
1455 lb = 0.73 ton per sq ft. 

At point in foundation under upper shoulder of slope 


xci = 


60 X 57.5 -h 100 X 120 
160 


96.5 lb per cu ft 


Shear strength at this point = 400 + (160 X 96.5 X 0.306) = 5140 lb = 2.57 
tons per sq ft 


Average unit shear strength 


0.73 + 2.57 
2 


1.65 tons per sq ft. 


Over-all average factor of safety against foundation shear = 


1.65 

0.875 


= 1.9. 


(0.875 ton per sq ft is average unit shear in foundation from Art. 10.) 

We must also investigate the factor of safety in the foundation against shear 
at point of maximum unit shear located 0.46 from upper shoulder (see Fig. 6). 


The mean effective unit weight wi will be 


57.5 + 120 
2 


88.8 lb per cu ft. This 


is because at this point there is 60 ft below and 60 ft of material above the 
ground-water level. 


Unit shear strength at point of maximum shear = c + wh tan <^>, 400 + (120 X 
88.8 X 0.306) = 3670 lb = 1.84 ton. 

1.84 

Factor of safety against shear at point of maximum shear = =1.5 which 

1.2o 

is satisfactory for the point of maximum unit shear. 

It should be understood that it would be possible to have a factor of safety of 
less than 1.0 at point of maximum unit shear. In that case there would be local 
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movement at this point, but if the average factor of safety exceeded unity, the 
resisting forces would be mobilized and failure would not occur. 

The computations just given in this section apply to conditions with the dam 
just completed but the headwater not raised. When the headwater is raised a 
new condition will exist which must usually be also investigated in connection 
with the design analyses. Thus for the downstream portion of dam and founda- 
tion where shear strength (c + wih tan <j>) all material below seepage line should 
be taken at submerged unit weight. Also when investigating safety of upstream 
portion of dam after raising headwater, the assumption of sudden drawdown 
should be used. Utilizing the principles of Arts. 3 to 7 and 10 and 11, one may 
readily make the analyses to determine safety of foundation on the assumption 
of the headwater having been raised. 

In many cases the time when the dam is just completed, as in Arts. 10 and 11, 
is the most critical for the safety of the foundation. 

This is for the reason that by the time the headwater can be raised and a 
sudden drawdown takes place, the foundation will have received a material 
additional amount of consolidation, resulting in a higher value of the angle of 
internal friction, <!>, and an increased cohesion, c. 

12. Elastic Theory for Determining Shear in Foundation. The elastic theory 
has been utilized by Terzaghi,® Jiirgenson,® Carothers,^® Timoshenko, and 
others for the solution of problems involving stress in foundations. With the 
elastic theory there is a fairly definite relationship between stress and strain 
(movement), and when a soil is in the elastic state, the stress continues to increase 
with increasing strain. On the other hand, when a soil is in a plastic state shear- 
ing stresses have reached the shearing strength and the strain (movement) in- 
creases with the stress remaining constant. 

In Fig. 7 is given the distribution of shearing stresses in a foundation under the 
slope of an embankment. Jiirgenson assumed a homogeneous isotropic material 
of infinite depth in making the computations for this figure. The maximum load 
per square foot here extends for an indefinite distance, whereas with an earth 
dam the maximum load per square foot extends for a relatively short distance 
before it reaches the top of the opposite slope. The reason for using the so-called 
terrace loading is that this loading gives more nearly the true horizontal position 
of the maximum unit shear stress than the triangular loading does. Thus for 
triangular loading maximum unit shear is at dam center line, whereas for terrace 
loading it is at the midpoint of the slope ( = horizontal distance shoulder to 
toe) . Photoelastic tests give a similar position (0.4 to 0.55) . Thus it is believed 
that conditions in Fig. 7 are quite analogous to the conditions in the foundations 
of many earth dams. 

® Karl Terzaghi, Brdbaumechanik, Franz Deuticke, Vienna, 1925. 

® Leo Jurgenson, “The Application of Theories of Elasticity and Plasticity to Founda- 
tion Problems,” J. Boston Soc, Civil Engrs., July 1934. 

^®S. D. Carothers, “Direct Determination of Stresses,” Proc. Roy. Soc. (London), 
Ser. A, Vol. 97, p. 110. 

S. Timoshenko, Theory of Elasticity, McGraw-Hill Book Co., New York. 
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S Max. Shearing Stress ^ rit Vertical Stress 


(a) 



Fig 7 Distribution of maximum shearing stresses in foundation of homogeneous isotropic 
material of infinite extent. {From ^^The Application of Theories of ElastioUy and Plastic- 
Uy to Foundation Problems,” by Leo JUrgenson, J. Boston Soc. Civil Engrs., July 1984.) 
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In Fig. 7, 6 = the horizontal distance from the top shoulder of the slope to the 
toe in feet, 

P = load per square foot on foundation at center line of dam, 

TT = 3.1416, 

S = shear per square foot. 

It is desired to know the factor of safety of the deep homogeneous isotropic 
foundation of a 100-ft earth dam. The foundation material is a fine silt without 
cohesion (see Fig. 7). Use plane at depth below foundation level = 0.56 for 
obtaining a factor of safety. Factor of safety at other depths should also be 
determined. 

Other assumptions are: 

tan 0 = 0.4, 

Unit effective weight of material is 120 lb per cu ft, 

Height of dam — 100 ft. 

Slope of face is 1 on 2, or 6 = 200 ft. 

Referring to Fig. 7, it is found that at depth = 0.56 at the quarter point the 
unit shear in the foundation is 0.25P or in this case 


& = 0.25P 


0.25 X 100 X 120 
2000 


1.5 tons per sq ft 


In determining the unit shear strength at this point we will use the total depth 

of material at the quarter point. Shear strength = total depth at midpoint of 

, .. .. , 150 X 120 X 0.4 

slope X unit weight X tan = — -r = 3.6 tons per sq ft. 

2UUU 

Factor of safety at midpoint of slope and at depth in foundation equal to 0.56 

Similarly at foundation depth of 0.256 for the above, unit shear stress would be 

0.18 X 100 X 120 ^ j u 4. 

- = 1.08 tons per sq ft, and umt shear strength 


0.18P or >8 = 

100 X 120 X 0.4 
2000 


2000 

= 2.4 tons per sq ft. 


Factor of safety at quarter point and at depth in foundation is equal to 0.256 
2.4 


1.08 


= 2 . 22 . 


Several similar calculations are usually necessary in order to determine the 
minimum factor of safety of the foundation. In applying this method, it should 
be borne in mind that it is directly applicable only to a homogeneous, isotropic 
foundation of infinite depth. 
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13. Shear in Plastic Foundation — Jurgenson Formula. Jiirgenson derived 
a very simple formula for obtaining the approximate shear stress in a plastic 
layer in the foundation of an earth dam of triangular cross-section. 



in which s = maximum unit shear, 

P = the maximum unit pressure on the foundation at the plastic layer, 
a = 3^ the thickness of the plastic stratum, 

L = }^ the base width of the structure. 

The formula has been used a great deal because of its simplicity . It is directly 
applicable, of course, only to the conditions which Jurgenson assumed. See Art. 
12 for definition of plastic state. 

Although the formula may in some cases give results which are quite far from 
the truth, it is believed to be frequently suitable for use in preliminary analy^s. 
In the authors^ opinion the Jurgenson formula should not be applied to thick 
plastic layers and certainly not to layers thicker than JL. For a thorough and 
final analysis of a plastic foundation photoelastic methods are desirable. 

In using the Jiirgenson formula it should be understood in general to portray a 
condition after the material has been overstressed. The material at that time 
hai dn g passed from the elastic state to the plastic state, movement will continue 
with the stress remaining constant. (See also Art. 12.) Under this condition 
the unit stress throughout the plastic layer is the same. 

14. Swedish Geophysical Method of Stability Analysis. K. E. Petterson first 
applied the circle method to the analysis of a soil failure in connection with the 
failure of a quarry wall in Goteborg, Sweden, in 1916. A Swedish National 
Conmiission, after studying a large number of failures, published a report in 1922 
showing that the line of failure of most such slides roughly approached the cir- 
cumference of a circle,^* 

As shown by the investigation, the failure circle might pass above the toe, 
through the toe, or below it. By investigating the strength along the arc of a 
large number of such circles, it is possible to locate the circle which gives the low- 
est resistance to shear. This general method has been quite widely accepted as 
offering an approximately correct solution for the determination of the factor of 
safety of the sloj}e of an embankment and of its foundation. 

An early difficulty in utilizing the method was the very large number of 
possible failure circles which it was necessary to analyze. Developments in the 
method of analysis have been made by W. Fellenius, Terzaghi, Gilboy, Casa- 
grande, Taylor, and othera, with the result that the satisfactory analysis of the 
stability of slopes, embankments, and foundations by means of a dangerous circle 
method is no longer an imduly tedious procedure. 

Essentially the method consists in passing a circle through the slope, or through 
the slope and foundation, taking moments of aU the forces about the center acting 

Leo Jurgenson in J. Boston Soc. Civil Engrs.^ July 1934. 

Statens JamvagSrs Geoteknisca Commission Slutbetankanda, 31 May, 1922. 
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along the circumference of the circle. As all the forces have the radius of the 
circle for their lever arm, the radius cancels out of the computations. Conse- 
quently, to get the factor of safety, all that is necessary is to add up all the resist- 
ing forces along the circumference of the circle and divide this by the sum of all 
the forces tending to produce movement along the circumference of the circle. 

16. Dangerous Circle Analysis with Failure Plane Through Toe. In this 
section a procedure for minimizing the amount of cutting and trying required to 
locate the most dangerous circle will be given. 




Fig. 8. Angles a and ^ for different slopes to determine center of most dangerous circle 
which passes through toe (see Art. 15). 

Knowing the proposed slope of the upstream or downstream face for an earth 
dam, refer to Fig. 8, using the cotangent of the slope angle, i, as argument and 
pick off the corresponding values of the angles of a and p. 

Thus in Fig. 9, the proposed slope of the face of the dam is 1 on 3 and cot is 
3.0. TJsmg cot = 3.0, refer to Fig. 8, it is found that i is 18.43® (or 18° 26'). 

a is 25° 00' 
id is 35° 00' 
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Thus in Fig. 9 a is laid off from the toe of the slope and jS is laid off from a 
horizontal at the top of the slope. Then the two outer sides of the angles will 
intersect in some point, 0. With 0 as the center, inscribe a circle ha\dng as 
radius, cutting the embankment lines. The area intercepted between the cir- 
cumference of the circle and the lines of the embankment is then dhided up into a 
number of vertical slices as is indicated in Fig. 9. The vertical slices are prefer- 
ably of equal width. The number of slices used should not be less than five, and 
it is seldom necessary to use more than twelve. The area and effective weight of 
each of the vertical slices is determined, and a vertical line proportional to the 



total effective weight of the slice is drawn from its center of gravity. At the 
circumference this weight is resolved into its normal and tangential components. 
This process is followed for each of the vertical slices. 

The next step is to add up all the tangential forces or T forces for the slices 
(with proper regard to sign). Also add up all the normal forces. 

hT — force tending to produce movement along the circumference (shear). 
The force tending to prevent movement is 

SiV tan <i> + Lc [16] 

which is the total shear strength of the material along the arc of the circumference 
AE. 

In the above 

ST is summation of tangential forces tending to produce movement, 

'EM is summation of the normal forces for all of the slices, 

<l> is angle of internal friction of the material as determined by tests, 

L is length of arc AE intersecting the embankment (see Fig. 9), 
c is cohesion per square foot, 
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Fs is the factor of safety against shear failure along the arc ot the circle under 
investigation. 

SiV tan <^ + Lc 

ST 


If a satisfactory factor of safety is shown it means merely that shear failure 
need not be expected along the assumed circle, but it may occur elsewhere along 
some other circle unless the one under investigation is already known to be the 
most dangerous. Consequently a number of circles must usually be drawn and 
analyzed. 

For the center of additional trial circles through the toe of slope, proceed as 
follows: Back up the line 02), Fig. 9, and then up and away from it in a perpen- 
dicular direction in such a way that 0d\ is not greater than \0D and Oidi is 
approximately equal to |0di, 0i will then be the center of a new trial dangerous 
circle with radius 22 1 . 

This new circle is analyzed as before and its factor of safety determined. The 
procedure is continued until the circle is found which gives the lowest factor of 
safety. 

For the given conditions this last circle is the most dangerous which passes 
through the toe of the slope. Provided the foundation of the dam has the same 
or a lesser shear strength than the dam itself, it is still possible that there is 
another circle which does not pass through the toe of the slope which is still 
more dangerous. In choosing centers for trial circles it is not advisable to 
adhere too closely to rules. Art. 16 suggests a procedure which will aid in 
locating the center of such a circle. 

16, Dangeroxis Circle Analysis With Failure Plane Below Toe. Theoretically 
if the materials of the dam and foundation are entirely homogeneous, any prac- 
ticable earth dam slope may have its most dangerous failure plane below the toe 



Fig. 10. Method of analysis when dangerous circle passes below toe (see Art. 16). 


of the slope. Fellenius found that the angle intersected at 0 in Fig. 10 for this 
case is about 133J4®. To find the most dangerous circle below the toe, it is sug- 
gested that the procedure be as follows: 
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If the slope of the face of the dam is as shown in Fig. 10, erect a vertical at 
the midpoint of the slope. On this vertical will lie the center 0 of the first trial 
dangerous circle. In locating the trial circle use an angle of 133}^® between the 
two radii at which the circle intersects the surface of the embankment and foun- 
dation. After the first trial dangerous circle has been dra^^m, the method of 
analysis is the same as that described in Arts. 14 and 15. 

After the first dangerous circle has been analyzed the trial center is moved 
somewhat to the left, the radius shortened, and a new trial circle dra^m and 
analyzed as in Art. 14, additional centers for the trial dangerous circle are spotted, 
and the resulting circles analyzed as described in Art. 14. Finally after a number 
of circles have been analyzed the computed factors of safety of the various circles 
are tabulated and compared. The circle shoving the lowest factor of safety viU 
be the most dangerous circle. 

While the methods described apply directly only to entirely homogeneous ma- 
terials, they may also be applied with a sufficient degree of accuracy to dams and 
foundations which are not homogeneous provided that sound judgment is 
utilized. 

17. Example of Dangerous Circle Analysis by Slices. In Fig. 11 is given a 
simple example of the analysis of the downstream slope of an earth dam without 
any saturation. The structure is homogeneous and the material is a silt ha\ing 
an effective weight of 110 lb per cu ft, the dam is 62.5 ft high, and the slope is 
1 on 3. The angle of internal friction (<l)) for the material is 30°, gi\dng a tan <j> = 
0.58. There is also a little cohesion amounting to 50 lb per sq ft. 

The center of the dangerous circle in Fig. 11 has been located by the methods 
outlined in Arts. 15 and 16. The area above the circle has been di\dded into a 
number of slices. It is not essential that these slices should be of equal width, 
but, as in Fig. 11, it is often convenient to make them so. A width of 20 ft was 
chosen for each of the nine slices in this case. For instance in slice sLx, the weight 
of the slice is 28 X 20 X 110 = 6160 lb — 6.16 kips. This weight is considered 
as suspended at the center of gra\dty of the slice and may be resolved into its 
components T, the tangential force, and Nj the normal force. WTiere the mate- 
rial is homogeneous, as in this example, the weight of each slice is directly pro- 
portional to the depth of the slice. W'e can then facilitate calculations as 
indicated in the table of Fig. 11 by determining the N and T components from the 
depth D; and after we have found the sum of these N and T, we can multiply by 
width of section and weight to get the total N and T forces. 

The forces tending to resist movement are obtained by summing up all the N 
forces, multiplying them by tan <j>j and adding the cohesion (if any) along the arc 
of the circle. The forces tending to produce movement are the T forces. These 
are summed up as indicated in Fig. 11, and the factor of safety is determined as 
1.96. In cases where several different materials are included and particularly 
where drawdown conditions must be considered, these analyses are more compli- 
cated. 

Fig. 11 applies to the downstream portion of an earth dam without any satura- 
tion. If there is saturation, alter the procedure as follows: 
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Fig. 11. Example of dangerous circle analysis by slices (see Art. 17). 
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1. Locate the seepage line by methods of Arts. 10 to 18, of Chapter 17. 

2. In obtaining dri\nng forces use saturated unit weights for materials below 
the seepage line and drj’- or moist unit weights for materials above the seepage 
line. 

3. In obtaining resisting forces use buoyant weights for materials below the 
seepage line and drj- or moist unit weights for materials above the seepage line. 

18. Taylor’s Stability Numbers. If the slope angle, height of fill, effective 
weight of material per cubic foot, angle of internal friction, and unit cohesion are 



Slope Angle, 

Fig. 12. Taylor’s stability numbers for rarious slopes and angles of internal friction {<f>) 

(see Art. 18). 

Note. These curves are for circles passing through the toe, although for values of “i” 
of less than 53°, it has been found that the most dangerous circle passes below the toe. 
However, these curves may be used without serious error for slopes down to 1 on 4 (i ~ 14°) . 

{Adopted from '‘‘Stability of Earth Slopes” by Donald W. Taylor, p. 213, J, Boston Soc. 
Civil Engrs., July, 1937,) 


known, the factor of safety may be determined. In order to make unnecessary 
the more or less tedious stability determinations, Taylor conceived the idea of 
determining the stability of a large number of slopes throughout a wide range of 
slope angles and angles of internal friction and representing the result by an 
abstract number which he calls *‘the stability number.” 


Donald W. Taylor, “Stability of Earth Slopes,” J. Boston Soc, Engrs., Vol. 24, 
July 1937, p. 197. 
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in which m = Taylor’s stability number, 

c = cohesion in pounds per square foot, 

F — factor of safety, 

w = effective weight of material in pounds per cubic foot, 
H = height of slope in feet. 

Transposing: 


In order to illustrate the use to which Eq. 19 may be put to help solve the 
problems of design, we will assume the following: The factor of safety of the 
downstream slope is desired. 


Slope, 1 on 23 ^, 

(j), angle of internal friction, 15®, 
c, cohesion, 750 lb per sq ft, 

w, effective weight per cubic foot of material, 120 lb 
H = 140 ft. 


Using Fig. 12, we find for the above that m, the stability factor will be = 
0.028 for a slope of 1 on 2}^, and 4> = 15°. Then for Eq. 19 


0.028 X 120 X 140 


which is a satisfactory factor of safety under most conditions. It will be noted 
that, other things remaining the same, the less the effective unit weight of the 
material, the greater the factor of safety according to the formula. As it is 
evident that saturation decreases the factor of safety, caution is necessary in 
the application of this formula. 

19. Abbreviated Method of Dangerous Circle Analysis. When there are 
several dangerous circles to be analyzed, the usual procedure by the slice method 
is quite tedious. Accordingly, N. C. Courtney has developed an abbreviated 
method of graphical solution which requires only a small part of the time other- 
wise required for analysis by the method of slices and gives results just as precise. 

Fig. 13 shows a section through the downstream slope of a dam and illustrates 
the application of this method. A dangerous circle has been drawn cutting the 
slope as indicated. Any vertical line from the slope of the dam to the dangerous 
circle represents the weight (IF) of a strip infinitely small in width. The com- 
ponents N and T of one of these vertical lines represent the resolution of the 
weight W into forces normal and tangential to the dangerous circle. If we now 
plot these N and T components from a horizontal base for various points through- 
out the section and join their extremities, we obtain curves, the areas under 
which represent respectively the summation of all N and T components. 

These areas, determined by planimetering or otherwise, multiplied by the 
effective unit weight of material give the total N and T forces acting on the par- 
ticular circle. The summation of the N forces when multiplied by the tangent 
of the angle of friction gives the total resisting frictional force along the arc. Any 
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cohesive value of the material along the length of the arc of the dangerous circle 
must be added to the friction value determined from the .V forces to obtain 
the total force resisting shear along the arc. The summation of the T forces 
gives the total drhdng force tending to cause the material to shear along the arc. 



Fig. 13, Dangerous circle analysis, abbreviated method (see Art. 19). 


The factor of safety for any given dangerous circle is obtained, as in the slice 
method, from the formula 




'^N tan <t> Lc 


[171 


in which Fs = 
ZN = 


tan<^> ~ 


L = 


c = 




factor of safety against shear along the arc of the given circle, 

summation of normal forces, 

area under the N curves multiplied by the unit effective weight of 
the material, 

tangent of angle of internal friction of the material which the 
circle cuts, 

length of arc of circle, 

unit cohesion as pounds per square foot of the material cut by 
the circle, 

summation of tangential forces, 

area under T curv^e times unit effective weight of material. 


This method is readily adapted to any complicated case, as the N and T curves 
can easily be plotted for various materials, slopes, and conditions. The applica- 
tion of the method to a simple case is thus shown in Fig. 13. In this figure the 
dam is the same as in Fig. 11 in every respect. The only difference between the 
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two figures is in the method of analysis. It is worth noting that the factor of 
safety by the abbreviated method is 1.97 (Fig. 13), whereas by the slice method, 
Fig. 11, it is 1.96. 

20. Analysis of Upstream Slope — ^Drawdown Conditions. The upstream slope 
of a dam is subject to water pressure under normal conditions. When sudden 
drawdown takes place this pressure is removed above the drawdown level. The 
shell material is ordinarily submerged below pond level, but immediately after 
drawdown the shell material is either moist, owing to being able to drain as 
rapidly as the pond level goes down,^^ or it is saturated, owing to the inability of 
the shell to drain freely. 

When determining the stability of an upstream dam slope under full head 
water conditions, the resisting and driving forces acting on any dangerous circle 
are calculated on the basis of all the materials being submerged except those 
above the normal pond level. 

When determining the stability of an upstream dam slope against drawdown, 
we must determine if the shell material is or is not sufficiently free draining.^® If 
the shell material is clean rock or coarse gravel and, therefore, will drain as fast 
as the pond can go down, then the resisting and driving forces within the draw- 
down range are calculated for the dry or moist weight of the rock material. 

If the shell material within the drawdown range will not drain as rapidly as the 
pond can be drawn down, the resisting forces are calculated for the submerged 
weight of the material below water surface and the dry weight above water sur- 
face but the driving forces are calculated for the saturated weight of the shell 
material below water surface plus dry weight above water surface. All materials 
below the drawdown level are submerged, and all resisting and driving forces 
below the drawdown level are calculated on the basis of the submerged weight 
of the materials. 

Fig. 14 shows an example of an upstream slope with a rock shell and impervious 
core that has been suddenly drawn down from a normal pool at elevation 90 to 
elevation 40. 

Curves enclosing A and T areas are plotted as described in the previous article. 
The area under these curves are divided to show the N and T areas which are 
either above, within, or below the drawdown level as well as for the rock shell 
and impervious material within these respective levels. In the illustration 
shown the shell is rock and free-draining. The resisting forces are then calcu- 
lated on the dry weight for the rock material above the normal water level and 
within the drawdown level. Detailed calculations are given to show the method 
of determining the factor of safety for this case. If the shell material had not 
been sufiSciently free draining so that it would drain as fast as the pond could 
go down, the submerged weight would have been used to calculate the resisting 
forces. 

As indicated, the slope of the impervious section is 1 on 1.5 and the outside 
slope is 1 on 2.5. Attention is called to the fact that the outside shell with a 

Only relatively clean rock with large interstices would fully meet this requirement as, 
for instance, ordinary riprap. 



Center of Circle 



(-) Forces 
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slope of 1 on 2.5 is composed of a relatively clean dumped rock fill, i.e., any fine 
soil such as sand or dirt is far too small in amount to fill the interstices in the rock 
fill. This fact permits the shell to drain just as rapidly as it is possible for the 
water surface of the pond to go down, and hence in all calculations involving the 
rock shell above the drawdown level (elevation 40) the dry or moist unit weight 
of the rock fill may be used. 

Full data relating to the materials and the summation of the acting and resist- 
ing forces are given in Fig. 14, and the factor of safety for the given conditions is 
worked out as 1.74. 

21. Stability of Hydraulic Fill Dams. Hydraulic fill dams, constructed by 
transporting, sorting, and depositing the material by the agency of water, have 
been used in many places where materials available are suitable and where local 
conditions favor economical construction. 

Fig. 15 shows a t 5 ^ical hydraulic fill dam. The central portion of the dam or 
core is composed of silty clay and the outer portions of the dam or shells are com- 
posed of sands and gravels (see Art. 36, Chapter 19). Owing to the process of 
construction peculiar to hydraulic fill dams (Arts. 34 and 35, Chapter 19), the 

Saturation Line at 



coarse material is segregated and deposited in the shells and the fine materials 
(clays and silts) are deposited in the core near the center of the dam. The mate- 
rials in the core, being much finer than those in the shell, stay in suspension longer 
and settle more slowly. 

Thus the mixture of water and core material is, to some extent, when first de- 
livered, a liquid having a greater unit weight than water. Immediately after 
delivery to the core pool, however, the material begins to settle out. If exces- 
sively fine and particularly if some of it consists of colloids, the material will 
continue in suspension for a very long time. (See Art. 3, Chapter 16.) On the 
other hand if the fine material contains a high percentage of coarse silts and fine 
sands, the material may settle out quite promptly and the core may then rapidly 
become stable. 

The shells of sand, gravel, and stone become stable and strong at once when 
deposited, but the core, as indicated above, is not stable at once, and if very fine, 
it may not become thoroughly consolidated for many years after it is placed. 

Thus the core when first placed and generally for a long time thereafter is in a 
more or less liquid condition and exerts a substantial pressure on the shells of the 
dam tending to force them outward away from the core. Frequently the core of 
a hydraulic fill dam is spoken of as being a semi-liquid. 
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The pressure exerted by the core on the shells may be conceived of as equiva- 
lent to that which would be exerted by a liquid ha\’ing a certain weight per 
cubic foot. This concept has already been used herein. (See Arts. 3 and 4 and 
7 to 1 1 of this Chapter.) 

According to this concept equivalent liquid weight per cubic foot = w tan- 
(45° — in which xc = unit weight of the material. 

In Fig. 16 it will be noted that the outside slopes are 1 on 3 and the slope of 
the core is 3 on 1. The slopes as shown are frequently satisfactory’ slopes for a 
hydraulic fill dam. 

If, however, the core had a slope of 1 on 2, it would mean that the quantity of 
materials in the shells w’ould be tremendously reduced and that in all probability 
the shells would not be able to resist the semi-liquid pressure of the core. 

Efforts have been made to determine the actual horizontal pressure exerted in 
the shell by the core. Pressure ceU measurements have indicated pressures 
ranging from about 20 lb per sq in. up to more than 75 lb per sq in. Indis- 
criminate faith should not be placed in such observations, how’ever, as some 
pressure cells have given quite erratic records. 

At Germantown Dam, Ohio, in one instance, Goldbeck pressure cells indicated 
a lateral pressure equal to 23 lb per sq in. at a depth of 57 ft, or that wrhich w’ould 
be produced by a liquid w^eighing 58.3 lb per cu ft. Also at Taylors\ille Dam, 
Ohio, Goldbeck pressure cells, in one instance, show'ed a lateral pressure of 23 lb 
per sq in. at a depth of 71 ft, equivalent to that due to a liquid weighing 47 lb 
per cu ft.^® 

At Fort Peck, Mont., it was found that for pressure cell readings at a depth of 
61.8 ft, the lateral pressure was equivalent to that of a liquid -weighing 71 lb per 
cu ft. 

At Kingsley Dam, near North Platte, Nebr. (Art. 42, Chapter 19), where there 
w’as a considerable number of soil pressure and -water pressure cells installed, 
W. J. Turnbull found that “the mean ratio of lateral pressure to estimated verti- 
cal loads for the core material indicate that, in general, one could expect less than 
45 per cent of the vertical load in lateral pressure.” In other -words, under the 
conditions at Kingsley Dam wdth unit weight of core 100 lb per cu ft, the equiva- 
lent liquid unit weight of the core material w’ould not be over 45 lb per cu ft. 
This applies only to dams like Kingsley, a dam where the core is a very stable 
loess. For fine clay the ratio of lateral to vertical load may be as high as 0.7 dur- 
ing construction. 

The authors believe that for clays and clayish silts (effective size 0.005 mm 
or less) containing appreciable percentages of colloids the average equivalent 
liquid weight of core material on completion of the hydraulic fill may be as high 
as 80 lb per cu ft. For silts, coarse clays, and rock flour, effective size 0.01 nun 
or more, the average equivalent liquid weight may be as low as 30 lb per cu ft. 

For specific cases where tests are available on the value of </> the equivalent 
liquid weight may be obtained from Fig. 5 or from the Rankine formula. In 
general, tests show that the angle of internal friction, 0, of core material in Eq. 21 

See Charles H. Paul, Trans. Am. Soc. Civil Engrs., 1922, p. IISI. 
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will range from about 15° for a fine clay core up to 30° for a stable core of rock 
flour or coarse silt at the critical period when the construction of the dam is being 
completed. 

22. Gilboy Hydraulic Fill Dam Formula. Gilboy presents the following 
formula for the stability of hydraulic fill dams on the assumption of a fully liquid 
core. 

(C - A)Vl + + yC - Ay/C - By/l + 

il + C^) - {C - A){p - B) 

in which A = cotangent of angle of core slope with horizontal, 

B = cotangent of angle of internal friction of shell material, 

C = cotangent of angle of outer slope with horizontal, 

R == ratio of unit weight of core to unit weight of shell. 



Manifestly the factor of safety for the above formula is represented by the 
degree to which the actual core departs from a condition of liquidity. 

23. Factor of Safety with Gilboy Formula. In order that the Gilboy method 
may give directly a factor of safety against failure, an additional ratio will be 
introduced. 

Ri = ratio of equivalent unit liquid weight of core material to the effective 
unit weight of shell material.^® 

_ », (45- - »./2) 

w 


in which wi 
<t>i 

V) 

R 

Fs 


unit weight of core material in actual wet or moist condition, 
angle of internal friction of core, 
effective unit weight of shell material, 
ratio as defined in Art. 22, 

R 

— , in which Fa is factor of safety of the shells against shear from 
rti 

the internal pressure of the core. 


24. Safety of Shells Against Horizontal Shear. One may also wish to deter- 
mine approximately the safety of the hydrauh'c fiU dam against horizontal shear. 
Thus in Fig. 16 the force tending to produce shear would be that due to the lateral 
pressure from the semi-liquid core just at the moment that the hydraulic fiU is 
completed. Hydraulic fill dams typically have a lower factor of safety during 
construction than at any later time because thereafter the cores gradually consoli- 
date with time and exert less and less pressure on the shells. 

Resisting the pressure from the core is the shear resistance of the shells, assum- 
ing that the horizontal plane is considered cut through shells and core. A por- 

Glennon Gilboy, “Mechanics of Hydraulic FiU Dams,” J. Boston Soc, Civil Engrs., 
Vol. 20, No. 3, July 1934, p. 186. 

Thus in a computation for stabiUty during construction , the unit weight of shell 
utilized might be weighted mean between the submerged unit weight and dry or moist 
unit weight. 
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tion of both shells, as shown in both Fig. 15 and Fig. 16, rests on the slope of the 
core so that only the mass of material in SABC pro\ddes resistance against shear 
in an upstream direction and the mass of material in \GHF pro\ddes resistance 
against shear from the core pressure in a downstream direction. 



Fig. 16. Hydraulic fill dam analyzed (see Arts. 24 and 25j. 

<^»i = angle of internal friction of core, « 18° (see Art. 23). 

<j >2 ~ angle of internal friction of shell, « 36°, cot « 1.428. 

Shell material: 

Specific gravity of shell material = 2.62 
Per cent voids in shell material — 32 

/inQ 32\ 

Dr>’ weight per cu ft = 62.5 X 2.62 X ( — “ 111.3 lb. per cu ft 

Saturated weight, add 0.32 X weight of water = 0.32 X 62.5 « 20.0 lb per cu ft 

Saturated imit weight =* 131.3 lb per cu ft 

Take moist weight of shell as 115 lb per cu ft and saturated weight as 131 lb per cu ft 
Submerged weight of shell — 131 — 62.5 = 68.5 lb per cu ft 

Core material: 

Specific gravity — 2,62 per cent voids = 40^ (average at completion) 

Dry weight per cu ft = 62.5 X 2,62 X 0.60 = 98.5 lb per cu ft 
For saturated weight add 0.4 X 62.5 = 25.0 l b per cu ft 

Saturated unit weight of core = 123.5 lb per cu ft 

Fsu = over-all factor of safety against horizontal shear in upstream direction, 
Fsd = over-all factor of safety against horizontal shear in a downstream 
direction, 

= portion of base upstream from toe of core — base of AABC, 
hd = portion of base downstream from toe of core = base of AGFHj 
h = height of dam above horizontal plane under consideration, 

Sh = total horizontal shear in the upstream or downstream direction due to 
core pressure, 

wi “ unit weight of core material in actual wet or moist condition, 

= angle of internal friction of core, 

Wu = total effective weight of the resisting AABC, 

02 == angle of internal friction of shell material, 

=: upstream slope angle: upstream face with the horizontal, 

(Xd =* downstream slope angle: downstream face with the horizontal, 
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IT’, = total effective weight of the resisting ^FGH, 

2Ti'„ tan <l>2 


,r,h- tan- (45° - 
5 * = ^ 9 


and 


- wih- tan- (45° - <f>i/2) 
2Tr<i tan <j)-2 

^'‘‘ = U'iA2tanM45°-<^i/2) 
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[23] 


Th«tw„ to™ute give the ove^ll f.cl.- 

which should be at le^ The hydraulic fill dam of 

26. Analysis of Hydraulic Fill D^. slightly idealized 

K,.,fiiaaimil.,h.. hated ^ „„„„„ 

to the extent that both t ^ p adequate shear strength, 

throughout. The foun . canstntetion, which is frequently the most 

Cm 1: Safety just m f "f lt ’^1 be noted that the down- 

z'ii * ““ ““ 

“S^bola in the Oilb.y E,. 20 hare the follorrine values from Kg. 16: 

B ~ wS -“fugeat «f ahg'a »< »' ““ 

C = 3.0 

(7 _ 1 = 3 - 0.333 = 2.667 
(7 _ B = 3 — 1.428 = 1.572 

+ B2 = Vl X 1-^28 = 1.74 
VC - A = 1.635 

■^./C - B = 1.252 

= Vl -i- 0-363 X 0.3.33 = VH- 
(1 + C2) = 10 

Substituting in Eq. 20, 

_ 2.667(1.74) -h 1.635 X 1.252 X 1.0,^ 

Vfi io.O - 2.667 X 1.572 

y-r 6.80 1 17 

Vs-jgj-iw 

B = 1.37 

R = 1.37, which is the ratio of unit effective core weight to unit effective shell 
weight for a factor of safety of unity, assuming the core k » uquid. 

^ring to the hydraulic process of construction, the shells just at the tme of 
coS^S te »arly 50 p» cent aatrnamd. Therefore, to get .. the ef- 
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fective unit weight of shell material in Art. 24, we \vill consider that one-half the 
shell material has moist w’eight equal to 115 lb per cu ft, from Fig. 16, and the 
other half has submerged (or buoyant weight) = 68.5 lb per cu ft because it is 
below the line of saturation. This gives the average effective weight of shell 

material w = = 91.8 lb per cu ft. 

The saturated unit weight of core material, from Fig. 16, is 123.5 lb per cu ft 
and 01 ~ 18°. Applying Eq. 21 


Ri (of Art, 23) 


123.5 tan- (45° - 9°) 
91.8 


tan 36° = 0.727 


tan- 36° = 0.528 


Ri 


123.5 X 0.528 
91.8 


0.711 


and the factor of safety against movement of the shells due to the pressure of the 
core is 


XP , ^ „ 1-37 
" Ri 0.711 


1.93 


which is an ample factor of safety. 

The above is the minimum over-all factor of safety during construction. 

Case 2: Safety of upstream face against sudden draudown. We will now inves- 
tigate the safety of the upstream slope under conditions of sudden drawdown. 
It is assimied that the dam goes into service at once and that there is no oppor- 
tunity for the further consolidation of the core before the sudden drawdown takes 
place. 

In spite of the fact that the outer portion of most hydraulic fill dams is com- 
posed largely of relatively clean stone and coarse gravel, the rather far-fetched 
assmnption will here be made that the shell cannot drain nearly as rapidly as the 
water surface can be drawn dowm and therefore the submerged unit weight of the 
material, 68.5 lb per cu ft, will be utilized as the effective unit weight of the shell 
material. 


Ri = 


1 23.5 X 0.528 
68.5 


0.954 




1.37 

0.954 


= 1.44 


which is the factor of safety against sudden drawdown in the present case. The 
value of Fs is satisfactory when we consider the extremely severe assumption 
made. For almost all hydraulic fill dams the outer portion of the upstream shell 
would be so free draining that the full dry or moist unit weight of the material 
could properly be used for a large part of the upstream portion of the shell. 
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Case S: Over-all factor of safety during construction against horizontal shear for 
dam of Fig, 16. 

89 X 

TTu (Art. 24), — = 11,880 sq ft, average effective unit weight of shell 

A 

as below = 91.8 lb per cu ft di^' weight (assume shell 50 per cent below satura- 

TTm = 11,880 X 91.8 = 1,090,000 lb per ft width of dam = 545 tons 

w = 123.5 = 35“ tan 35“ = 0.7 tan^ ^45“ “ y) = 0-548 

Substituting in equation 22 gives 


2 X 545 X 0.7 
123.5 X 10,000 X 0.548 
2000 



Note that the factor of safety for similar conditions by a method based on the 
Gilboy formula was found to be 1.93. This wide variation in results necessi- 
tates a factor of safety of at least 2 against horizontal shear. In this case because 
both the upstream and downstream slope are the same, F^u will also = 
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DETAILS OF EARTH DAMS 

1. Methods of Construction. The material for an earth dam is excavated 
from a borrow pit relatively close to the site, transported to the site, distributed, 
and compacted in its final resting place in the embankment. 

The usual methods of construction are: 

а. Construction in roll’ed layers, 

б. Hydraulic fill method, 

c. Semi-hydraulic fill method. 

а. Under the rolled fill method the material is usually excavated by steam 
shovel, scrapers, or dragline, hauled onto the dam, deposited, spread, moistened, 
and rolled. 

б. Under the hydraulic fill method, the material may be excavated by several 
convenient methods, but it is transported onto the dam and there deposited by 
the agency of water. 

c. Under the semi-hydraulic fill method of construction, material is dumped 
near the upstream and downstream face of the dam to form rough levees. The 
space betw^een these levees is then filled with water, and the material placed in or 
upon the levees is washed toward the center of the dam. 

Earth dams are sometimes built without the use of any systematic method of 
compaction. In some cases the material is puddled, w^hich usually means that 
the material is dropped into a pool of water maintained on the embankment. 
All such methods or variations of them should almost always be rejected as lead- 
ing to dangerous construction. 

The proper choice of the method of construction is dependent, in part, on the 
character of material available and in part on economic considerations. It 
should be the subject of careful investigation and study during the preliminary 
stages of the project. Quality, economy, and safety should aU be given careful 
consideration. 

2. Effect of Improvements in Equipment In recent years there has been a 
marked increase in the size and eflSiciency of earth hauling equipment, and hauling 
units have been developed which will carry 20 cu yd or more at a time. If the 
haul is more than about 2000 ft these hauling units generally consist of a multi- 
tired tractor with a dumping trailer. If the haul is less than 2000 ft the big 
scraper pulled by a caterpillar tractor, such as the Le Toumeau, may be used as 
both an excavating and hauling unit. 

Thirty years ago the capacity of the horse-drawn units w^as 1 or 2 cu yd each. 
In the case of the narrow gage construction railroad, the capacity per car was 
usually 4 to 6 cu yd. 
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An important thing to note is the tremendous increase in the capacity of units. 
This increase has meant a reduction in cost and a marked decrease in man-hours 
per cubic yard of material. 

Similarly wth the hydraulic fill method of construction, the size of equipment 
has greatly increased, but the change has not been as rapid as in automotive 
hauling equipment. 

The net effect of the improvement and changes in earth hauling equipment 
has been that 

a. There has been a relatively small decrease in over-all cost of earth dams. 
(That the decrease has not been greater is due to the coincident rise in the entire 
price structure.) 

h. The range in which hydraulic fill dams might be used in competition with 
the rolled fill method has become somewhat narrower. 

c. At present it is usually economically advisable to build small and mod- 
erate-sized dams by rolled fill methods. 

d. In most cases it requires not only suitable materials close at hand but also 
particularly favorable conditions and a yardage in excess of 3 or 4 million cu yd 
to make it economically ad\isable to construct hydraulic fill dams. However, 
for very large earth dams the hydraulic fill dam continues to be frequently the 
most desirable and economical structure where suitable materials are available. 

3. Importance of Careful Construction. An entirely safe and substantial 
design may be entirely ruined by careless and shoddy execution, and the failure 




Fig. 1. Diesel operated power shovel 2}^ cu yd capacity. {Courier XJ. S. Engineer 

Office, Denison, Texas.) 

of the stmctm may very possibly be the result. Careful attention to the details 
^ therefore fully as important as the preliminary investigation 

4. Cleaii^ and Stripping. About the first step that must be taken after the 
erection of the camp and plant buildings is the clearing and stripping of the site. 
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This work should, in fact, be done while the plant is being moved in and erected. 
Trees and stumps should be removed from the site. The requirements for 
stripping should vary with the existing conditions at the site and the require- 
ments of the design. For instance, the original surface might be an unconsoli- 
dated fat clay which it might be ad^dsable to remove because of its low shear 
resistance. As a general rule stripping involves only removing the sod (and not 



Fig. 2. Caterpillar R D 8 Bulldozer. {Courtesy V. S. Engineer Office, Denison, Texas,) 


necessarily all the roots) and obtaining a bond between the embankment mate- 
rial and the foundation materials. 

5. Removal of Vegetable Matter. Some specifications require that ail soil 
containing more than 6 per cent of vegetable matter shall be removed from the 
site; other specifications limit the amount of vegetable matter permissible either 
in foundation or embankment to 3 per cent. The core of the North Dike of 
Wachusett Reservoir, which is built of soil containing about 6 per cent of vege- 
table matter, is giving entire satisfaction. It is the opinion of experts that it will 
take many hundreds and perhaps thousands of years for the vegetable matter to 
disappear from a core of that kind when saturated.^ Even as much as 8 per cent 
of vegetable matter is sometimes permissible. In many cases the presence of a 
small percentage of vegetable matter helps to make the material more impermea- 
ble. 

6. Bonding Dam to Foundation. It is a matter of prime importance to make 
sure that there is no definite dividing plane between the foundation material and 
the material composing the embankment. The original surface should be 

^ Trans. Am. Soc. Civil Engrs., Vol. 48, 1902, p. 267. 
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plowed up and dragged with a disk harrow just before depositing any material 
on it. Unless the embankment is to be placed hydraulically, or the foundation 
surface already contains the optimum amount of moisture, the surface should be 
liberally moistened before the first layer is placed so that when the roller goes 
over this first layer it will force the new material down into the old and leave no 
di\nding plane. 

The mistake is sometimes made of starting the core trench before the site is 
cleared and properly stripped. No construction man likes to move dirt more 
than once, and there is a chance that some of the material removed from the core 



Fig, 3. La Toumeau Scraper 13 C.Y. Capacity powered by R D 8 Caterpillar Tractor. 
{Courtesy U, S. Engineer Office, Little Rock, Ark.) 


trench ^ permanently remain covering sod, roots and stumps. Generally it is 
convenient to spread the material excavated from the core trench when it is 
excavated and roll it j^rmanently in place. Then when it is necessary to refill 
the core wall trench this can be done with material from the borrow pits. 

After stripping the site, no time should be lost in starting the core trench or 
sheet piling, for in such work difficulties are often encountered which delay the 
s^mg of the embankment work. It is well so to arrange the progress schedule 
that one may rely on the cutoff being completed to the level of the original 
^\md surface by the time the main embankment is started. If this can be done 
it will greatly facilitate the embankment operations. 

. The puddling of clajdsh soils in the cutoff trenches under d».mB 

IS of sufficienfly common occurrence to require some discussion here. This gener- 
me^ f^t the trench is filled with water, and the dry material is then 
hrown m. It is a nefmous procedure to puddle any material which is high in 
c^. Clay sometimes take up times its own weight of water, when it 
becomes a slimy mass exerting substantial hydrostatic pressure. Such clay 
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puddled in the core of a dam requires many years to attain a really stable condi- 
tion. Also in drying it contracts and may leave cracks which produce roofing of 
the imper\dous overlymg embankment section. A passageway through the 
imper\ious section is thus provided. 

The drying of clay is particularly noticeable when a pond in a clay country 
dries up in the summer time. When the waters of the pond have evaporated, 
great cracks are seen in the surface of the clay, running in every direction. This 
shows how pure clay or material high in clay would react when puddled. 

It is much better to unwater the trench and refill with compacted impervious 



Fig. 4. Euclid six-wheel Diesel trac-truck, 13 cu yd capacity. {Courtesy U, S, Engineer 
Office, Albuquerque, X. Mex.) 


material at a suitable moisture content. If puddling must be done use only silty 
sand for the purpose. 

There is nothing better for a cutoff than a puddle trench refilled with genuine 
puddle. True puddle is an mtimate mixture of stiff clay, sand, and gravel 
thoroughly tamped into place. Properly constructed, it is superior to concrete 
as a cutoff as the material itself is less pervious and also cracks through such 
puddle walls are practically unknown. 

Cutoff trenches are frequently excavated to reach some layer which is more 
impervious than that immediately underlying the dam. Precautions should be 
taken to secure a bond between the material refilled into the trench and the 
material composing the layer which the cutoff trench reaches. 

8* Btdlding Embankment in Layers. Unless the material is to be placed and 
settled by the action of water, it should be spread in thin layers and rolled. 
Occasionally dams have been built by dumping the material from trestles much 
in the manner that railroad fills are made. Such a method should never be 
used, as it gives porous and unstable embankments which invite piping and 
sliding. 
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The layers should seldom be over 12 in. in thickness after rolling and usually 
very much thinner. Probably the best practice wth the usual run of pervious 
materials is to require S- to 10-in. layers, whereas cohesive materials that are 
readily compressible should be placed in layers 4 to 6 in. thick. 

Ha\ing decided on the desired density, field experimentation on the thickness 
of layers, the amount of rolling, and the weight of the rollers is the only method 
of determining the economic manner of obtaining this density. These experi- 
ments should be coordinated with the control compaction tests with regard to 
moisture content. (See Art. 19, Chapter 16.) 

9. Method of Depositing for Rolled Layers. With today’s tremendous loads, 
20 cu yd or more is often transported by modem hauling units, it is neces- 
sary to use great care in spotting the loads on the embankment so that they may 
be spread to a layer of even thickness and then roiled to the required thickness 
for the compacted layer. This is frequently 4 to 6 in. for impervious cohesive 
material and 8 to 10 in. for pervious materials. Spreading and evening up is 
usually done with a bulldozer and/or heavy road grader. To avoid over-com- 
paction from hauling equipment, hauling routes on the embankment should be 
constantly varied. 

10. W ettmg Emba nkm ent With impervious cohesive materials, the moisture 
content of material as placed should generally be as close to optimum moisture 
content ^ as practicable. Excessive “weaving” of the embanlanent under the 
mo\ing load of rollers and trucks indicates to experienced engineers and inspec- 
tors that the material is too wet. In case moisture content is excessive the ma- 
terial should be allowed to lie imtil the excess moisture has evaporated or drained 
out before the layer is rolled. In some cases it may be advisable to adopt drain- 
age measures in the borrow pit and sometimes it may be necessary to move to 
another borrow pit which does not contain an excess of moisture. 

If tests indicate that additional moisture is desirable, it is well to add at least a 
part of this by sprinkling the layer after it has been thoroughly compacted and 
just before the additional material is added because then the pressure and 
kneading action of the roller will force the water through the material in a fairly 
even manner. 

With very pervious materials it is usually almost impossible to add too much 
water and in order to get the best results from rolling, it is necessary to prac- 
tically saturate the pervious layer immediately in advance of rolling. 

11. Rolling Embankment. The sheep’s-foot roUer (see Fig. 5) is, in general, 
the best tool for rolling the embankment, although smooth roUers may be useful 
for Mowing the sheep’s-foot rollers to smooth up the embankment so that it wiU 
more readily shed the water in case of rain. The thickness of layers after rolling 
IS generally 4 to 6 in. for impervious material and 8 in. or more for pervious 
mater^. The sheep’s-foot roller may be arranged to give the desired unit pres- 
sure throughout a wide range up to 500 lb per sq in. (assuming one row of feet in 
contact). The variation in pressure is accomplished by adding or taking off 
leet and by loading the drum of the roller with water or sand or both. These 

* For definition and method of determining see Arts. 2 and 19, Chapter 16, 
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high unit pressures obtainable with the sheep s-foot roller compare with approxi- 
mately 50 lb per sq in. obtained with the old-fashioned steam roller with smooth 
wheel surface formerly used in compacting and rolling the successive layers in the 
construction of earth dams. 

The unit weight of embankment desired is known in advance and 'wili deter- 
mine the desirable pressure to use on the sheep's-foot and also the number of 
passes of the roller. The amount of rolling to obtain the desired unit weight and 
the necessar}’’ moisture content is detennined by experiment. Six to eight 
passes of the sheep’s-foot are usual. In general the desired unit weight of the 



Fig. 5. Sheep’s-foot rollers, three in tandem. Feet 7 inches high, 7 sq in. end area; approxi- 
mate pressure 400 lb per sq in. Pulled by AUis-Chalmers D S Tractor. {Courtesy 
U. S. Engineer Office, Little Rock, Ark.) 


embankment is somewhat greater than the unit weight which would be eventu- 
ally obtained by natural consolidation due to the pressure of the portion of the 
dam above. 

12, Danger of Over-Rolling. Equipment is now so heaw^^ and unit pressures 
obtainable are so high that it is possible to over-compact the rmper\'ious embank- 
ment of an earth dam. In particular, the travel of the hea^vy hauling equipment 
over a cohesive embankment, such as one high in clay, should not be allowed to 
foUow established ruts but should be spread out over a wide area. 

Excess rolling or passage of heavy equipment on material with relatively high 
water content tends to cause local shear failure. Such a failure may be indicated 
by slickensides such as those shown in Fig. 6. 

It is important to note that both moisture content and the compaction loading 
and its repetition are factors in this sort of construction failure. For instance, 
a heavily loaded sheep’s-foot roller making a certain number of passes over an 
embankment layer high in clay may produce shear failure in the material as evi- 
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denced by the presence of slickensides. However, if the moisture content of this 
material is sufficiently reduced the same roller equipment with the same number 
of passes will not produce shear failure in the material. 

In order to avoid over-rolling of cohesive material with possible shear failure, 
one should 

1. Keep the material slightly on the dry side of optimum moisture content 
(see Art. 19, Chapter 16). It should definitely be on the dry side of Atterberg’s 
plastic limit. As water is usually added on the bank this is not so difficult. 



Fig. 6, Slickensides due to over-compaction. 


2. Be content with the predetermined desired dry unit weight of the materials. 
Make frequent tests to determine dry unit weight which you are getting (see Art. 
19, this chapter), and do not roll beyond the point which will give the desired 
unit weight. 

S. Watch the action of the roller on the embankment. Excessive weaving of 
the embankment under equipment is generally indicative of excess moisture and 
possible trouble. 

4. Require the heavy hauling equipment to foUow diverse routes across the 
impervious section and avoid continuing tracking in the ruts formed by prior 
passage of equipment. 

At Tappan Dam, Ohio, during construction, on August 26, 1935, there was an 
upstream movement amounting to a maximum of ft producing horizontal 
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shear in the foundation and opening vertical cracks in the upstream face. This 
accident, it is believed, was in part due to over-rolling and in part due to excess 
moisture in the embankment and foundation. In fact, these two causes are to a 
certain extent complementary". The foundation at Tappan was clay about 11 ft 
thick underlain by sand and gravel. The embankment material with a high 
clay content was placed on the wet side of optimum moisture content. Much 
of it w"as at or slightly beyond the Atterberg plastic limit. The design height of 
the dam was about 60 ft, but when the embankment reached a height between 
20 and 30 ft a number of vertical longitudinal cracks appeared in the upstream 
face all the vray to the top of the embankment. Shear planes and slickensides 
were located in the embankment and near the top surface of the clay foundation. 
Corrective measures, including a berm, were adopted and the dam was success- 
fully completed. 

13 . Compaction of Pervious Material. Unlike impervdous cohesive materials, 
there is no danger of over-rolling or over-compacting pervdous cohesionless mate- 
rials such as sands and gravels. While sands and gravels reach their ultimate 
consolidation under any given loading almost immediately, there are benefits to 
be derived from a thorough compaction which is greater than the natural consoli- 
dation resulting from the weight of the embankment. In the case of uniform 
materials such as blow sand which in nature may be even less dense than critical 
density (see Art. 13, Chapter 16), a sufficient amount of compaction will con- 
solidate the material to one which is far on the safe side of critical density and will 
also materially increase its shear strength, thus permitting economy in the use of 
materials. Even for well-graded cohesionless materials which are well on the 
safe side of critical density, some compaction is desirable for improvement of 
shear strength and the limitation of embankment settlement. 

Unfortunately, many construction men still believe that it is impossible to 
compact sands and gravels. This probably arises from the fact that if the mate- 
rial is dry or merely moist, one can accomplish very" little by rolling. The belief 
is definitely ill-founded, but in order to get substantial compaction it is necessary 
to practically saturate the material just before rolling. In fairly clean coarse 
gravel the benefits obtained are generally not worth the extra cost. With a 
weU-graded sand gravel the additional cost is not great, and usually" wetting and 
rolling should be done. With fine uniform sands thorough wetting and rolling is 
absolutely essential. 

14 . Slope of Layers. The layers of a rolled fill dam should be deposited in an 
approximately horizontal position. The layers should be sloped away from the 
center of the dam. This slope should be from 1 on 20 to 1 on 50, enough to shed 
water readily. With materials containing a considerable percentage of clay, 
embankments sloped thus and rolled with a plane roller before the rain will shed 
rains quickly so that the embankment may be worked on the very next day after 
the rain has stopped. On the other hand, embankments which are allowed to 
slope toward the center line get so wet and mired up from a little rain that the 
pool thiis formed has to be ditched and drained away and several days are lost 
before embankment operations can be resumed. Certainly no construction ma n 
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who has tried dipping the embankment toward the center in a country where 
there is much rain will try it a second time. 

15. Precautions Around Structures. It is often difficult to roll up close to 
core walls, conduits, abutment walls, etc. All structures in or against an imper- 
yions embankment which serves as a water barrier should have a batter on the 
side in contact vdth the earth so that settlement will produce a tighter contact 
wdth the earth. Baffles also with a batter should be used as an additional safe- 
guard. 

Special pains must be taken to see that the material along these structures is 
properly compacted. 

Places where the roller cannot reach should be tamped in thin layers with 
compressed air tampers to a density equal to that obtained by rolling. Special 
care should be taken in tamping the embankment along the face of structures 
which pass through the dam in an upstream and downstream direction. Mate- 
rial which is deposited against the face of such structures should be spread and 
thoroughly tamped with compressed air tampers in 3-in. layers. Each such 
layer should be sprinkled to the same extent as the embankment which is to be 
rolled. 

16. Setdement of Embankments. Settlement depends on the character of 
the material in the embankment and the foundation and the methods of construc- 
tion used. It is customary to construct earth dams to a somewhat greater 
height and width than the neat dimensions called for by the plans. For an em- 
bankment rolled in 6-in. layers of impervious and pervious materials, there is no 
reason for anticipating any appreciable settlement in the embankment itself, 
but settlement may occur in the foundation. For a rolled fill dam on an unyield- 
ing foundation a nominal allowance for settlement of 1 per cent is sufficient. 

For hydraulic fill dams, settlement due to consolidation of the core must be 
anticipated and will vary with the character of the material. With modern 
methods (narrow cores and wastage of the excessively fine fines, including col- 
loids), the allowance for settlement of the embankment (after completion) need 
never exceed 4 per cent. This is exclusive of foundation settlement. 

Foundation settlements have ranged all the way from practically zero up to 8 
per cent of the height of the dam or more, most of which takes place during con- 
struction. Deep plastic foundations of relatively unconsolidated clays show the 
greatest settlement. 

Considering settlement of both foundation and embankment, the total pro- 
vision which should be made for settlement after the completion of the dam will 
range from a nominal 1 per cent of the height of the dam to a maximum of 6 per 
cent or more. Thus if 6 per cent had been determined as the proper allowance 
for settlement after completion and the dam was 100 ft high, it would actually 
be constructed to an elevation of 106 ft above the original foundation elevation. 

It is pc^ible to predict the amount of settlement to be anticipated with a fail 
degree of precision by utilizing the tests and methods outlined in Art. 18 of 
Chapter 16. This should be done and after deducting the computed settlement 
(or consolidation) during construction in both foundation and embankment the 
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remainder should be added to the designed elevation of the dam to obtain the 
elevation to which it is to be constructed. 

17. Selection of Material During Construction. It is assumed that before the 
construction is started, the borrow pits have been thoroughly prospected and that 
it has been definitely decided in advance w’here the material for the upstream 
and do^vTistream portions of the embankment is to come from. However, during 
construction, there are often variations in the material which were not indicated 
by the test pits and boreholes. Studies based on tests made of the borrow 
materials as actually obtained may result in some changes in design in the inter- 
ests of economy or safety or both. Contractural relations, however, should be 
carefully considered before making changes unless such changes are essential to 
safety. Otherv\dse an intended economy may actually turn out to be a substan- 
tial additional cost. 

18. Trimming of Slopes. Sometimes the slopes of earth dams are left without 
being trimmed to the neat lines of the upstream and dowmstream face as shown 
on the plans because it is felt by some that so long as there is the required amount 
of material in place, it is simply a waste of money to trim down the slopes. Con- 
tractors sometimes make statements similar to this: ^Tt is true that the slope 
near the top is pretty near 1 on l3^ but you know that I’ve got in more material 
than the neat lines require and I don’t see any sense in going to the expense of 
pulling down all that material to a 1 on 3 slope just because the specifications say 
so.’^ It is further argued that the action of the water or the weather will soon 
wear down the slope to approximately the specified incline. 

If any such ideas are allowed to influence the construction, accidents wriU be 
more than likely to occur. To leave a mass of material on either face at an 
incline steeper than that at which it will safely stand after the dam is placed in 
ser\ice is a very dangerous procedure as it leaves a superimposed load on the 
face of the dam. Such a load may remain stable for a time before the water is 
raised in the reservoir. Assume, for instance, that the upstream slope of an 
earth dam is 1 on 3 but that the top 20 ft has been left at a slope of 1 on 1. This 
material on a steep slope at the top of the upstream face forms a superimposed 
load. When the water in the reserv’oir is raised, the upstream face becomes 
saturated. Then say the reservoir level is low'ered, and under the pressure of 
this superimposed load a slide is apt to occur. On the downstream face, when 
the line of saturation cuts the base near the toe, a similar loading is very apt to 
induce a slide. The folly of permitting such construction may also be demon- 
strated mathematically in any particular case by the methods of stability analy- 
sis outlined in Chapter 18. The hazard here indicated should alw^ays be avoided 
by keeping all slopes trimmed substantially to the designed lines. 

19. Ei^ineeriiig Control of Rolled Fill Dam Construction. Before construc- 
tion is started, the field and laboratory investigations of the borrow pit material 
have been made as discussed in Chapters 1 and 16. As a result the dry weight 
per cubic foot or dry density w^hich it is desirable to have in the dam has been 
determined. It is the business of the engineering construction organization to 
obtain the desired density as nearly as practicable. 
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For a given density or dry weight per cubic foot of cohesive materials there is a 
certain amount of moisture which the material should have that is the optimum 
moisture content (see Art. 19, Chapter 16).^ 

By a little experimenting the construction engineer determines how much 
water load he should add to his sheep’s-foot rollers and how many passes of the 
rollers he must make over a 6-in. layer of the material in order to obtain the re- 
quired dry weight per cubic foot in the embankment. He also determines how 
much water he must use in order to approach the optimum moisture content. 
As mentioned elsewhere, the engineer v^l, with most materials, find it advisable 
to keep the moisture content a little on the dry side of the theoretical optimum 
as determined by the Proctor tests (see Art. 19, Chapter 16). 

In order that the engineer should know the dry density of the material which 
he is getting, it is necessary to constantly make determinations as the embalm- 
ment work progresses. One good way for determining both wet and dry density 
in the field which is in quite common use is as follows: 

Dig a small hole, say, 8 in. square and 8 in. deep in the surface of the embank- 
ment after first having cut the surface where it is being disturbed by the sheep’s- 
foot roller down to firm hard material. Save every bit of material removed from 
the hole and weigh it as soon as it is taken out of the hole. Then fill the hole with 
fine dried sand, using a cylindrical graduate to measure the exact quantity used. 
Thus having both volume and weight, the unit moist weight of the embankment 
is readily found. 

To get the moisture content or per cent moisture, the material is taken to a 
nearby shanty and a small sample which has been protected as much as prac- 
ticable from the atmosphere is pan-dried and weighed both before and after 
drying. The moisture percentage may then be computed, and from this the unit 
dry weight of the embankment sample is obtained. 

For any given embankment job a standard procedure should be set up so that 
all field tests for determining density will be the same. Two men can usually 
take care of this field test work on a job where 10,0(X) cu yd per day is placed 
and keep inspectors and engineers informed of the dry density and per cent of 
moisture for the material being placed. 

The Proctor needle as described and illustrated in Art. 19, Chapter 16, is in 
many cases a useful tool in the control of embankment work. 

Once the construction engineer and inspector become familiar with the partic- 
ular requirements and materials in any given case, they will be able to obtain the 
desired results without an excessive number of tests for dry density. In addition 
to the determination of the optimum moisture content already mentioned, there 
are several less precise methods of determining the amount of water to add to a 
cohesive material before rolling. 

One oid-fashioned test for the proper amount of moisture in a cohesive em- 
bankment material is to take a small sample of the material between the hands 
and roll it out. If one could roll it out to just the diameter of a pencil the mate- 
rial was ^i^tly wetter than desirable. If in roUing it became crumbly, then it 
was too dry and additional water should be added on the bank. If the roll was 
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just slightly crumbly, then the material had just about the proper moisture con- 
tent for successful rolling.^ This is practically the same thing as sa3dng that the 
moisture content of cohesive materials before rolling should be slightly less than 
that required for the Atterberg plastic limit (see Art. 2, Chapter 16). 

Another rough guide to proper moisture content is the action of the roller on 
the embankment. If the roller weaves up and down to an excessive extent it is 
certain that there is too much moisture in the embankment. If the embankment 
weaves only slightly on roUing, the moisture content is probably not far from 
that which is desirable. Of course, if the moisture content is very much in excess 
of the optimum, it is utterly impracticable to properly compact the embankment 
and the result may be an unstable embankment. With pervious embankment 
materials it is also necessary to determine the dry density, but there is never any 
danger of getting materials of this sort too dense. 

20- Protection of Upstream Slope. It is always necessary to protect the up- 
stream face of a dam from wave action to some extent. Protection should be 
provided for that portion of the upstream face which may be subjected to wave 
action. 

In relatively small reservoirs log booms placed in front of the slope have proved 
to be effective in breaking the waves before they strike the slop^. For many 



-6* of Run of Bank Gravel 
with dO% Coarser than Size 

Fig. 7. Dumped riprap. 

years the Spring Valley Water Co. of San Francisco, Calif., protected the earth 
slopes of its reservoirs by anchoring booms about 3 ft from the upstream slope. 

In reservoirs that are emptied frequently, the bank protection should begin at 
the upstream toe. If it can be determined that the reservoir will not be drawn 
down below a certain elevation, the bank protection need not go below that ele- 
vation, but at that point a berm should be provided. 

21. Riprap. There is no material superior to good stone riprap for the protec- 
tion of the upstream face of an earth dam from wave action. Stone riprap is of 
two classes, random riprap and hand-placed. The former consists of stones 

* As an indication as to whether or not additional water should be added before rolling 
this test has been used at least since 1910 and probably much longer. 
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dumped in place from ears or trucks or tossed into place by hand. If it is 
dumped in place from cars or trucks, the indhddual stones may be any size up 
to the capacity of the steam shovel, such material sometimes bemg termed 
Cyclopean riprap or derrick stone riprap. All riprap should be placed on a bed 
of gravel, and derrick stone riprap should have 18 in. of spalls on top of the 
gravel. Dumped riprap should not be less than 3 ft thick and generally 3 ft of 
dumped riprap is considered the equivalent of 18 in. of hand-placed. 



Stones Should be Bedded Together 
with Joints Broken 
Spalls Should not be Placed in Nests 
in Lieu of Average Size Stone 
No Loose Spalls or Chips Should be 
Used on Top Surface of Riprap 

Not More Than 10 % of Large Stone 
Should Extend as High as the 
Top Limit for Riprap Line 


I'-e” Run of Bank Gravel with 
30% Coarser Than Vi” Size 


Fig. 8. Hand-placed riprap. 


Hand-placed riprap consists of one-man stones laid on edge on a gravel bed 
that hfli; been prepared and graded. An effort is made to break joints as much 
as possible, and the voids are iSlled with smaller stones. Hand-placed riprap is 
generally 18 in. thick, the minimum size of individual stones frequently being 
specified as 12 by 12 by 3 in. It is also often required that at least 50 per cent of 
tie surface shall be of stones which are 18 in. deep. 

The best hand-placed riprap approaches good dry rubble in quality and appear- 
ance. The bottom band of riprap on the upstream face of an earth dam should 
rest on a shoulder or berm in the embankment; otherwise, the weight of the rip- 
rap might be sufficient to cause it to slide down the saturated upstream face. 
The bottom course should be formed with headers twice as deep as the other 
stones and set into the bank in a trench at the inner edge of the berm. 

All riprap should be laid on a bed of gravel or crushed stone grading in particle 
size from coarse sand up. In order to prevent waves from washing out the 
underlying material through the voids in the riprap and destroying its support, all 



Art. 22] 


CONCRETE LINING OF UPSTREAM SLOPES 


763 


riprap should be laid in a bed of gravel or crushed stone or spalls which grade 
from a size that will prevent the material of the dam from washing into it up to a 
size that ^nll not pass through the voids in the riprap. The thickness of the 
above gravel or crushed stone layer underlying the riprap should vary according 
to its character from 9 to 18 in. 

On the other hand if the material in the upstream portion of the dam was a 
clajdsh silt and the bedding layer for the riprap was a run of bank gravel con- 
taining only 30 per cent larger than but grading up to a coarse gravel, it 
might be ad\nsable to make this layer as much as 18 in. thick. In general the 
thickness of the bedding layer should never be less than 9 in. and then only when 
properly graded. Action of the waves will wash out some of the finer bedding 
material and, with some settlement, will automatically build up a stable filter 
layer, varying from fine material at the bottom to coarse material at the top. 
Settlement will be greater for run of bank gravel than for artificially graded 
gravel, which is to be preferred. Therefore the run of bank gravel should be 
thicker. 

Under no circumstances should the bedding layer be omitted unless the 
material in the upstream face is gravel. If it is omitted for a clay or silt up- 
stream embankment, the action of the waves will in time wash the material 
away from between the riprap stones and will move them and even sometimes 
bury them in the embankment material. 

Not all rock is suitable for use as riprap. Stone for riprap should be hard and 
durable and should not break down readily on long exposure to water, frost, and 
air. IMost but not all of the igneous and metamorphic rock makes good riprap. 
IMany of the Imiestones and sandstones make excellent riprap. 

Shales are generally entirely unsuitable and the presence of shale seams in 
limestone and sandstone sometimes renders these rocks undesirable. As a 
practical matter we usually take the best rock available at reasonable cost, but 
certainly it would not be worth while to consider any rock for riprap unless it 
could successfully withstand more than five cycles of freezmg and thawing (see 
Art. 7, Chapter 16). 

In investigating the available rock for riprap, the available records of service 
of the rock in the territory should be investigated as of at least equal importance 
with the freezing and thawing test. In addition to its record of use in riprap, its 
record in bridge piers, in bridges, and in buildings is of interest. 

22. Concrete Tuning of Upstream Slopes. Municipal distribution reservoirs 
are often lined with concrete, which is generally laid in the form of blocks on 
graded slopes. Such linings are generally not relied on for watertightness but 
are intended primarily to furnish a surface on which w^ave action will not muddy 
the water. Such a surface may also be cleaned when the reserv^oir is drawm dowm. 

Monolithic Concrete Lming. A concrete lining is sometimes used on the up- 
stream face of earth dams. It is generally poor practice to place much reliance 
on a concrete pavement for keeping water from entering the embankment. The 
true function of such a lining, it is believed, is wave protection only. Sometimes 
the concrete lining is built as a reinforced monolith, steel composing about 0.3 per 



764 


DETAILS OF EARTK DAMS 


[Chap. 19 


cent of the effective area of the cross-section of concrete. In most cases such 
monolithic linings are of questionable value. When the bank settles, the rein- 
forced concrete lining will be left unsupported at some points, and there the slab 
will crack and may eventually be broken up by wave action, thus allowing the 
waves to enter the gaps with disastrous effect. 

Concrete of Square Blocks, In some cases the upstream face of earth 
has been protected from wave action by concrete linings of square blocks, 
generally not larger than 6 by 6 ft. It is not usually necessary to reinforce these 
blocks. The thickness of the block in inches should be the same as the dimen- 
sion of the block, in feet; i.e., a block 6 ft square should be 6 in. thick. The 
squares should be poured alternately, the blocks being separated by layers of 
three-ply tar paper so that they will adjust themselves to the surface of the em- 
bankment in case of settlement. Sometimes precast concrete slabs of much 
smaller size are used. Small blocks of wood, in. thick, may be used to sepa- 
rate the slabs, thus insuring their settlement with the embankment and pre- 
venting bridging. Parallel to the center line of the embankment a concrete 
curb should be built against which to place the concrete lining. This curb 
should be at the inner edge of a berm or shoulder in the emba nkm ent and should 
extend not less than 18 in. below the bottom of the concrete lining. 

If the concrete pacing is monolithic or if the concrete blocks are set without 
spaces between them, it is essential to provide numerous gravel backed weep 
holes through the concrete (equal to at least 15 per cent of total area) in order to 
allow the water in the embankment to drain away when the reservoir is drawn 
down quickly. Otherwise, hydrostatic pressure behind the concrete lining might 
break it or cause it to slide down the slope and possibly, also, cause the sloughing 
of some of the saturated embankment material. 

The accident at Belle Fourche Dam (see Art. 6, Chapter 17) illustrates the 
hazard to which concrete slab paving for wave protection is subject. It is be- 
lieved that such slab paving should not be used unless adequate provision is 
made for back drainage. 

The subject of wave protection is worthy of more thorough investigation than 
it has so far received. Its importance is indicated by the fact that it often costs 
from 25 to 50 per cent as much as the embankment itself. 

23. Porous Concrete Slab Slope Protection. Porous concrete has been used 
for drainage purposes in masonry dams for at least 35 yr. When properly made 
it is comparatively strong and is very nearly as pervious as ordinary gravel or 
crushed stone. At the Santee-Cooper Project in South Carolina (1940), L. F. 
Harza, Consulting Engineer, decided to utilize a layer of porous concrete slab for 
the protection of the upstream slope of some of the earth dams. The climate is 
mild and the formation of anything but paper-thin ice on a pond or reservoir is 
unheard of. 

Porous concrete for slope protection has the same advantage as stone riprap, 
i.e., that on the recession of a wave the water can readily drain out through the 
interstices without the accumulation of a considerable amount of hydrostatic 
pressure against the bottom of the slab. 
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The porous concrete was laid on a 4-in. bed of 3^ in. to in. cleaned gravel as 
indicated in Fig. 9. Fig. 10 shows the construction of the porous slabs. 

At Santee Cooper about 1 bbl of cement was used per cu yd of porous concrete 
and the mortar was Portland cement paste without any sand. The aggregate 



Fig. 9. Porous concrete slab slope protection in lieu of riprap as used by Harsa Engineer- 
ing Co. on Santee Cooper project, South Carolina. 



Fig. 10. Placing porous concrete slab, Santee Cooper project. {Courtesy Harm Engineer- 

tng Co.) 


for the pervious concrete graded from in. to in. with about 50 per cent 
coarser than ^ in. This aggregate was thoroughly mixed with Portland cement 
with only enough water to provide a stiff cement paste w'hich w’ould adhere to 
the gravel and which would not tend to settle to the bottom of the porous com 
Crete layer and fill the voids. 
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The use of porous concrete slab slope protection appears to have further 
application in a location where stone riprap is difficult to obtain or is very 
expensive. Its use should be confined to mild climates where ice does not form 
on reservoirs. 

24, Benns. In earth dams more than 30 ft high berms from 6 to 20 ft wide 
should be used on the downstream face. In high dams berms should be used for 
about each 30-ft difference in elevation. The main function of berms is to 
minimize the erosion from rainstorms, the effects of which may be very severe. 
The outer edge of berms should be higher than the inner edge, in order to prevent 
rain water from flowing over the edge and down the slope. 

A gutter should be placed at the inner edge of the berm and given a slight 
grade to conduct the storm water to the side of the valley, where other gutters or 
storm drains conduct it to the toe of the dam. In many of the largest and high- 
est earth dams, the storm water from the berms is collected by catch basins and 
conducted through storm sewers to the main drainage system at the downstream 
toe of the dam. 

On some dams, berms are buOt on the upstream face, and a berm should always 
be used as a shoulder against which to build the bottom of the riprap. 

26. Protection of Top and Downstream Face of Dam. There is no better 
protection for the downstream face of an earth dam than stone riprap on gravel. 
If rock is plentiful and close at hand, such protection is often more economical 
than the use of a grass cover and top soil with the necessary drainage features as 
discussed in Art. 24 above, together with the continuing expense of maintenance. 

Where stone protection is not practicable, protection from erosion may be 
obtained by building up a suitable growth of grass or vines. All the exposed 
parts of the dam should be covered with 12 to 18 in. of rich top soil. The heavier 
layer of top soil has been found necessary where the material under it is very 
pervious. The top soil should be treated with about 600 lb of good fertilizer per 
acre. The surface should then be freshly raked and seeded to grass. A good 
seed mixture for this purpose in a temperate and moist climate is red top, 12 lb; 
white clover, 6 lb; and Canadian blue grass, 10 lb of the recleaned seed per acre. 
In the South, Bermuda grass and ^‘wire grass” have been used with great success. 

Matrimony vine {Lycium vulgar^ has been successfully used for bank protec- 
tion. The shoots of this vine are planted, and the vine grows along the ground, 
sending out roots which enter the ground for some depth and then start other 
shoots. The vine, which was brought from the Mediterranean, is very hardy. 
In a few seasons the bank presents the appearance of a continuous tangle of vines, 
and the top soil becomes a tangle of roots. 

^ Talla Dam. The Talla Dam of the Edinburgh, Scotland, waterworks, 
which was completed in 1906, may be considered more or less typical of many 
successful earth dams both abroad and in America constructed in the same period 
except that in America a concrete core wall was usually substituted for the puddle 
wall. 

The typical cross-section of the Talla Dam is shown in Fig. 11. The maximum 
height of the dam is 80 ft and the length 1050 ft. The structure contains about 
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500,000 cu yd of material. The freeboard is 7 ft and the top width 20 ft. The 
upstream slope is 1 on 4 and the downstream 1 on 3 with berms near the top 
and bottom. The core of the dam consists of a heavy clay puddle sealed into the 
rock. The maximum depth of this clay puddle wall below the original surface 
of the ground is 82 ft. At the top of the embankment the width of this puddle 
wall is 10 ft, whereas at the surface of the original ground its width is 32 ft. On 
each side of the puddled core in the central portion of the dam the clay material 


J'ofi of embankment $57,00 
~'Road 

Soil 0*deep on 4^of broken stones 



- .. , ri or open material 

Beaching 18 inches deeo in layers 
18 inches thick 


Clayey or adhesiue Stony arapea material 
material in layers layers 

Clay B inches thick 18 inches thidt 
Puddle 


Fig. 11. Talla Dam. {From Eng. Record, VoL 57, p. 21.) 


was rolled in 9-in. layers. The outer portions of the embankment are composed 
of stony or open material placed in 18-in. layers. From the top of the embank- 
ment to a point 10 ft below high water level there is a face protection of 12-in. 
squared blocks of stone set in 12 in. of broken stone. Below this is a facing of 
12 in. of rubble to a point 30 ft below the high water mark. The remainder of 
the slope is covered with 18 in. of gravel. 

“Puddle wall” as here used means an intimate mixture of stiff clay, sand, and 
gravel tamped into place. As a barrier to the percolation of water, it is believed 
to be superior to a concrete core wall. 

For a fuller description of Talla Dam, see Earth Dam Projects, page 233. 

27. North Embankment of John Martin Dam. The John Martin Dam on the 
Arkansas River, near Caddoa, Colo. (1942), is a flood-control and irrigation 
project. The central section of the dam is a gravity overflow concrete masonry 
section equipped with tainter gates. On the north and south wings, earth dam 
sections 3700 and 5800 ft long are utilized. The north wing dam has an approxi- 
mate height of 150 ft throughout the valley section. 

The width of the valley bottom between ledge rock abutments at the site is 
about 4200 ft, of which 1640 ft is taken up by the masonry section. Over this 
width of % of a mile, the Arkansas River has wandered back and forth during 
recent geologic times. A flood plane has been biult up, the top 5 to 10 ft of 
which consists, in general, of quite impervious silt. Below this top layer the 
underground consists of coarse sand gravel and boulders, 25 to 40 ft deep to ledge 
rock, which is a firm hard sandstone. 

When the exploratory work revealed the presence of large boulders in the ex- 
tremely pervious underground, it was feared that it woifld not be practicable to 
drive steel sheet piling. Accordingly, a shaft lined with steel sheet piling was 
driven to ledge rock and excavated without any particular trouble. Steel sheet 
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piling was accordingly utilizod to obtain a cutoff through, tho highly porvious 
underground of coarse sand gravel and boulders. Carnegie Section ]VI 112 with 
^ in. thick web, 23 lb per sq ft was used except where an old river channel 
increased the depth from about 30 ft to about 50 ft, where M 113 with a web 
thickness of in. (28 lb per sq ft) was used. To promote watertightness and 
lubrication, interlocks were swabbed with Philip Carey “Noah’s Pitch” mixed 
with long asbestos fiber. Practically no trouble was experienced in driving and 
seating the steel sheet piling in the sandstone. Fig. 12 shows some of the sheet 
piling cutoff being driven. 



Fig. 12. Driving sheet piling, cutoff north embankment John Martin Dam. {Courtesy 
U, S. Engineer Office^ Caddoa, Colo.) 


In Fig. 13 it will be noted that the character of the material in the foundation 
and from the borrow pits permitted relatively steep slopes both upstream and 
downstream. It will be noted that the steel sheet pile cutoff is located upstream 
from the upstream toe of the dam and is joined to the impervious section of the 
dam by means of an impervious blanket, which extends from the impervious 
central section of the dam upstream for a distance of 1500 ft from the steel sheet 
piling cutoff. Except under the pervious upstream section of the dam, there 
was very little work to be done in order to establish the impervious upstream 
blanket shown in Fig. 13. This is because over most of the area there is already 
a satisfactory impervious blanket in place. For the most part this work con- 
sisted in ronoving v^tation, then patching and rolling. In this case the 
blanket is simply an extra precaution available at very slight extra cost. 

Downstream from the steel sheet pile cutoff, the highly pervious underground 
acts as a "roy effective drain. Consequently, seepage pressure tends to be 
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downward. As a result, forces due to possible sudden drawdown axe mitigated 
to a considerable extent (see Art. 7, Chapter 18). As a result, for the same 
factor of safety against sudden drawdown, it is practicable to have the slope of 
the upstream face steeper than would be the case if the cutoff had been located in 
its conventional position at the center line of the impervious section. 

The apparent saving in this upstream position of the cutoff is not by any 
means a net sa\dng. On the other side of the equation one has to consider the 
cost of the imper^us horizontal blanket to join the upstream cutoff to the 
impervious section of the dam at the center of the dam and in some cases other 
items of cost such as the curving around of the cutoff to tie into the masonry 
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Fig. 13. North embankment, John Martin Dam, Caddoa, Colo. 


section (with an increase in total length) and also the additional cost of bonding 
the horizontal blanket to the ledge rock abutment. 

It is also possible that the impervious blanket under the upstream pervious 
shell may be enough weaker in shear than the pervious shell to require just as flat 
£Ln upstream slope as would be required if the cutoff were at the center line. 

All in all, except under special conditions, it is believed that from an economic 
standpoint, it is just as well to continue the usual practice of locating the cutoff, 
when used, under the central impervious section of the dam. 

At the John Martin Dam, an ample quantity of material was available for 
both pervious and impervious portions of the embankment. The impervious 
material contained very little real clay and as a result both the per\ious and the 
impervious sections showed a high shear strength on test. Owing to the arid 
climate, it was necessary to prewet some of the borrow pits for imper\uous mate- 
rial in some cases as much as 2 months in advance of starting excavation. 

28. Conchas Dikes. The Conchas Dikes (1939) were constructed in connec- 
tion with the Conchas Flood Control and Irrigation Project on the South Cana- 
dian River, about 60 miles from Tucumcari, N, Mex. The project included a 
concrete overflow dam 235 ft high. 

The design of the section as shown by Fig. 14 was, as usual, materially influ- 
enced by the degree of availability of the various materials utilized. Thus, 
there was plenty of excellent impervious material readily available; 15 per cent 
of it, on the average, being of clay sizes and the remainder grading nicely up to a 
coarse sand. The pervious material of sand and gravel, on the other hand, was 
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somewhat more limited. In fact, in the course of the work, it was found that the 
per\dous material was somewhat more limited than was anticipated. Because 
of the high shear strength of both pervious and impervious materials this did not 
cause much trouble, as the dhiding line between pervious and impervious could 
be varied without materially affecting the strength of the section. It is this 
re\Tsed section which is shown in Fig. 14, and the dam was constructed substan- 
tially as there indicated. There was plenty of rock available nearby and hence, 
as shown in Fig. 14, a rock section was used for both upstream and downstream 
face. 

To have both slopes protected by rock is a material advantage in this arid 
section as the production and maintenance of a stand of vegetation to protect the 
slopes is difficult, expensive, and frequently unsuccessful. 

The maximum height of the Conchas Dikes is approximately 100 ft and the 
total length is over 2 miles. Ledge rock is, in general, from 5 to 10 ft below the 
original ground surface and is either a dense firm sandy shale or a good quality 



Fig. 14. North and South Dikes, Conchas Dam, New Mexico. {From '"'Design and 
Construction of Conchas Damf* U, S. Engineer Office^ Caddoa, Colo. 


of sandstone. Only loose rock was excavated, and as soon as solid ledge was en- 
countered, it was utilized as the foundation of the dike. In many cases there 
was no rock excavation. 

When the shale surface was cleaned up, preparatory to starting the impervious 
section of the embankment, it was found to present quite a smooth appearance. 
This led to the question as to whether water would seep along the relatively 
smooth surface of the rock and also as to whether the frictional resistance pre- 
sented would be sufficient to make the section safe against sliding on the rock. 
In order to see whether or not a cutoff trench was required, a series of tests were 
made which showed that 

a. The contact between the rolled impervious fill and the relatively smooth 
ledge rock was so intimate that water would not seep along the rock surface. 

h. Compacted impervious embankment placed on the relatively smooth ledge 
rock could not be made to slide. When the horizontal pressure was increased 
sufficiently, the compacted embankment material sheared through and the full 
shear strength of the material was developed.^ 

* See “Design and Construction of Conchas Dam,’* Vol. 1, p. 144, U. S. Engineer Office, 
Caddoa, Colo. 
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Analyses of the impervious and per^dous materials utilized in the embankment 
are shown in Figs. 15 and 16. All materials in their natural condition were very 
dry owing to the arid climate of the region. To get anjdhing approaching the 
optimum amount of moisture into the material by hosing when spread on the 
embankment was found to be entirely impracticable. 

Consequently, prewetting in the borrow pit was resorted to. In the borrow 
areas the entire surface was first plowed and then tiny dikes, a foot or so high, 
were constructed by the use of plow and bulldozer along the contours and water 
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Fig. 15. Impennous Core Analysis, South Dike ConchaiS Dam. (From "'Design and 
Construction of Conchas Dam,^' U. S. Engineer Office^ Caddoa, Colo.) 


was kept ponded for about a month over the area. This was generally sufficient 
to give an average moisture content a couple of points or so below the optimum 
for a cut of about 25 ft. The necessary additional moisture content was added 
on the bank as the layers were spread. In general 9-m. loose layers were rolled 
by the sheep’s-foot rollers in about six to eight passes to a thickness of approxi- 
mately 6 in. Layers were kept high in the center, and when the rare rains ap- 
peared they were rolled with plane rollers to shed the water. The dry weight of 
the impervious fill averaged about 119 lb per cu ft with an average moisture 
content of 13.2 per cent. 

The pervious embankment (Figs. 14 and 16) was spread in layers about 7 in. 
thick and sprinkled. After three passes of the roller the layers were about 6 in. 
thick. The average unit dry weight of the pervious embankment was about 
132 lb per cu ft, and the average moisture content was about 6 per cent. 

As might be expected from the mechanical analyses of Figs. 15 and 16 and 
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from the dry weight per cubic foot indicated above for the compacted embank- 
ment, the shear strength of both the impervious and pervious materials was high. 
For samples of impervious embankment taken from below the line of saturation, 
quick shear tests showed a minimum cohesion of 0.15 tons per sq ft with a value 
for the angle of internal friction (<^) of 29°. For the per\dous embankment there 
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was no cohesion and the minimum value of the angle of internal friction {<f>) was 
36°. 

29. Clendemng Dam. In 1937 the Clendening Dam, located on Brisly Fork, 
a small tributary of the Musk in gum River in Ohio, was constructed as one of the 
13 earth dams in connection with the Muskingum Flood Control Project. All 
these dam s were of moderate height (50 to 115 ft), but the sites presented a wide 
variation in foundation conditions and in materials available for embankments. 

The Clendening earth dam was approximately 1000 ft long and 60 ft high. 
Just as this dam was being completed in 1937, there was a construction accident 
or partial failure of the dam. At Station 5 + 25, where the greatest movement 
took place, the top of the dam sagged down approximately 6 ft and the upstream 
face above the flat toe bulged out a maximum distance of about 5 ft. 

Although many reference points were available, not the slightest sign of any 
movanent at either the upstream or downstream toe could be found. There 
was no movement of the downstream face. Fig. 17 shows a typical cross- 
sectmn of the dam both as originally designed and as reconstructed after the 
partial failure. On January 28, 1937, the Board of Consultants advised the 
Placement of additional rock fill on the upstream face in accord with the final 
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section shown in Fig. 17. At that time the movement in the upstream face was 
still taking place. The additional rock fill was placed as directed. On February 
5, 1937, all movement had ceased, although the placing of this counterbalancing 
rock fill was not yet complete. 

The valley floor which formed the foundation for the dam was approximately 
100 ft above ledge rock. The top 40 ft of this foundation was a relatively fat 
clay with some silt. Below this most of the foundation down to ledge rock con- 
sisted of sands and gravels. The 40-ft top layer of clay was a relatively recent 
alluvial deposit. 

The character of this foundation material was about the same as that of the 
borrow pit for impervious material located just a little way downstream from the 
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Fiq. 17. Clendening Dam, Ohio. {Courtesy V, S. Engineer Office, Zanesville, Ohio.) 


site. This clay stratum in the foundation before compaction had a moisture 
content averaging 27.4 per cent, with a maximum of 34 per cent and a minimum 
of 18.9 per cent.^ 

For the rolled core of the dam the moisture content w^as found to average 
27.3 per cent. The wet weight per cubic foot of this core in the dam was found 
to be about 122 lb per cu ft, which means a dry density of about 96 lb per cu ft. 
Both the foundation and the borrow^ pit for impervious material were subject to 
frequent overflow. The average clay content of the impervious material was 
approximately 50 per cent; i.e., 50 per cent of the particles were smaller than 
0.005 mm. 

In Fig. 17 it will be noted that immediately on the outside of the imper\ious 
section is a “random’ ' fill. As intended, this was to consist of shale which was to 
be spread in thin layers and then broken down by the sheep’s-foot roller and 
compacted to a dense and stable impervious material. Actually over a large part 
of the dam the breaking down process was imperfect, with the result that much 
of this random fill consisted of fair-sized particles in. up to several inches) of 
shale which when saturated became a slippery, greasy mass which certainly 
added nothing to the strength of the structure. Above the flow line this mate- 

® R. R. Phiuppe, Soil Stitdi&s, Muskingum Conservancy District, p. 19. 
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rial was also substituted in the core for the material from the borrow pit de- 
scribed above. 

The materials available in the vicinity for building a dam consisted of (1) clays 
such as those in the borrow pit for impervious material described above, (2) soft 
shales which rapidly disintegrated on exposure to the weather, (3) hard shales 
containing sand and lime which resist weathering, and (4) a hard sandstone 
suitable for riprap or building purposes. 

There was no local sand or gravel, so for the concrete and filters of the earth 
dam this had to be hauled in from many miles away. 

In connection with the investigation of the failure, several deep test pits were 
sunk through the fill and a number of boreholes were put down. As a result of 
these investigations and the laboratory tests made in connection therewith, it was 
found: 

(1) Neither the upstream nor downstream toe of the dam had moved, (2) the 
downstream face of the dam had not moved, (3) the upstream face above the 
flat toe fill had bulged out about 5 ft, (4) the average moisture content of the 
core material was 27.5 per cent (by dry weight), the wet weight per cubic foot 
was 122 lb and the dry weight 96 lb, (5) moisture content of the core was the 
same as when placed, (6) there was no movement in the foundation except that 
due to settlement and resulting consolidation, which was normal and occurred 
approximately as anticipated, (7) the moisture content of the random mate- 
rial showed a substantial increase, (8) in the immediate vicinity of the contact 
between core and foundation there appeared to be a substantial rise in water 
content, (9) in various parts of the core after the partial failure, slickensides or 
tiny slip planes were found, (10) tests on undisturbed samples of core after the 
partial failure showed an angle of internal friction of about 27° with a cohesion 
value of 0.5 tons per sq ft. 

In considering the cause of the partial failure it is significant that the upstream 
slope of the core was 1 on Ij^, whereas the downstream slope was 1 on 1. (See 
Fig. 17.) In other words the downstream slope of the core was the steeper and 
consequently there was a materially greater amount of shell material, principally 
rock, to resist the thrust of the core. Thus this dam was not as safe in an 
upstream direction against the thrust of the core as it was in a downstream direc- 
tion. The downstream face did not move at all but the upstream did. 

Other S i gn ificant Conditions. The core was a relatively fat clay, over 50 
per cent of it being of clay sizes. The moisture content, which averaged 27.5 
per cent in the material, was high and resulted in a unit dry weight of 96 lb per 
cu ft and a void ratio of 0.71. There was movement upstream (above toe), with 
a core slope of 1 on ij^, and no movement downstream, where the slope was 1 
on 1. 

The impervious core material was placed approximately at Atterberg’s plastic 
limit. (See Arts. 2 and 6, Chapter 16.) It was realized at the time that the core 
material was wetter than desirable, but it was the only material available. 

For the given moisture content the amount of rolling was excessive and may 
have resulted in the over-compaction of the core material with consequent 
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imprisoning of expansive forces in the rolled material. It might also be stated 
that for the compaction utilized the moisture content was excessive. 

In view of the above conditions and in utilizing hindsight it is now e\ident 
that satisfactory stability of the section could have been attained either by 
steepening the slope of the upstream face of the core from 1 on to 1 on 1 or 
even steeper or by retaining the slope of the core and adding additional rock fill 
on the upstream face. 

The latter method was that chosen by the Board of Consultants for stabilizing 
the section after the partial failure. The source of most of the data in relation 
to the Clendening Dam partial failure is a veiy^ interesting unpublished report 
by R. R. Philippe, supplemented by personal observation. 

30. Contents of Earth Dams. In connection with preliminaiy" investigations 
it is frequently necessary to make a number of preliminary estimates of cost of 
earth dams. Accordingly, in Table 1, there are given a number of formulas for 
finding the volume of earth dams for various heights and slopes. Figs. 18 and 19 
give the same data by the use of curves. 

TABLE 1 

Formulas for Volume of Earth Dams, in Cubic Yards per Linear Foot * 


[Top width equals 0,25 of the height of the daml 


Slope of One Face 

Slope of Other Face 

Volume 

1 on 2 

1 on 2 

0.0833A2 

1 on 2.5 

1 on 2 

0.0926A- 

1 on 2,5 

1 on 2.5 

0.1021A2 

1 on 3 

1 on 2 

0.1020^2 

1 on 3 

1 on 3 

0.1203A2 

1 on 3 . 5 

1 on 2 

O.lllOA- 

1 on 3.5 

1 on 3 

0.1296A2 

1 on 4 

1 on 2 

0.1203A2 

1 on 4 

1 on 2.5 

0.1295A2 

1 on 4 

1 on 3 

0.1387A- 

1 on 4 

1 on 4 

0.1574A2 

1 on 5 

1 on 5 

0.1944A2 

1 on 6 

1 on 6 

0.2313A2 


* A equals height of dam. 

31. list of Earth Dams. In Table 2 is given a list of representative earth 
dams. This list is not comprehensive, but it does include a considerable pro- 
portion of the more notable structures. It will be noted that it includes a 
number of the dams which suffered a partial failure during construction but which 
were reconstructed and have fulfilled their function satisfactorily ever since. 
References to published articles on the dams listed are given, and the list is suffi- 
ciently representative so that if one were to study the published data for all of 
them, he would obtain a fair cross-section of the pr^ent status of the science and 
art of the design and construction of earth dams. The list was prepared by S. A. 
Sutherland, Designing Engineer, Harza Engineering Co. 
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Height* of Embankment in Feet 


Fxo. 18. Contents of earth dams for various heights and slopes. Top width = 0.25 
height; heights, 15 to 75 ft. 
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Height of Embonkmoni' in Foot 

Fio. 19. Contents of earth dams for various heights and slopes. Top width -■ 0.25 height; heights, 

60 to 210 ft. 


Some Representative Earth Dams 

[Prepared by Robert A. Sutherland] 


1 

^ s 
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- 

*3 'g 

£ £ aj £ 

8 8 o 8 

it ^ i 

So iS o 

o O O O 

(11) 

References 

Y 6/38 

Y 8/38 

P 10/20/32 

17 

g 3/27 

3. 13 

P 8/26/38 

3, 16 

K 9/36, P 9/12/35 

19 

P 12/10/31 

g 9/38 

G 8/34, P 6/21/34 

G 6/38 

16 

2 

i, pa 243, Vol. 99, 
1934 

18 

P 7/30/31 

3 

G 1/39 

P 5/25/39, 6/6140 
9/19/40 

5 

(10) 

Method 
of Con- 
struction 


(9) 

Free- 

board 

(ft) 

OO 00 00»0 O 00 

(8) 

Fetch 

(Milos) 

7 

6 

3 

2 

4.5 

12 

5 

(7) 

Wave 

Protection 

o 

u 1- 

W ” JoOgq* 

® 

(6) 

Downstream 

Slope 

1 

■-•W h|n 

<N N 

Hw « „ hN 

M hIwhin oa 0^ ”1'* M ”>'** *-<1^ N ro 

”®«=o "®(N t «- »”“hi; n- ®« 

“5 eo . N 

. HlN 

« y-i 

(6) 

Upstream 

Slope 

N t-4 CO W CO 

00 CO CO.. . thIn -q iwiN 

»■« „ 

(4) 

Built 

1938 

1938 
1932 * 

1941 

1914 

1939 
1909 * 

1940 
1919 

1940 

1934 

1938 

1925* 

1932 

1932 

1937 

1930 

1900 

1942 
1942 

1900 

(3) 

Height 

(ft) 

135 

180 

140 

67 

120 

110 

138 

115 

44 

170 

110 

213 

210 

215 

135 

235 

100 

100 

102 

155 

165 

115 

Location 

N. Mox. 

Wyo. 

Hawaii 

Miss. 

Colo. 

N. Y. 
Mexico 

S. Dak. 

Conn. 

Mass. 

Ga. 

Nev. 

Calif. 

Calif. 

Calif. 

Wash. 

Mass. 

N. Mex. 
N. Y. 

India 

Utah 

Texas 

Ireland 

(1) 

Name 

Alamogordo 

Alcova 

Alexander * 

Arkabutla 

Apishapa 

Ashokan Dike 
Axuoar, El. 

Belle Fourche * 
Bills Brook 

Birch Hill 

Blue Ridge (Ca- 
tawba) 

Boca 

Bouquet Canyon 
Cajalco 

Calaveras * 

Cle Elum 

Cobble Mountain 

Conchas Dikes 
Conklingville 
(Sacandaga) 
Cummum 

Deer Creek 

Denison 

Dodder 
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[Footnotes and abbreviations are Kiven on paRe 781.1 



TABLE 2 — Continued 
Some Representative Earth Dams 
[Prepare d by Robert A. Sutherland] 
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(12) 

Remarks 

Steel cutoff. 

Cone, core wall. 

Caisson cutoff. 

Cone, core wall. 
Puddle core. 

15' Cone, core, 
part hf. 

Cone, core wall. 
Rubble core wall. 

(11) 

References 

P 7/30/31 

20 

g 10/38, 12/39, 2/41 
G 5/34 

g 3/27 

P 8/24/33, 1/24/35, 
6/18/36 

P 7/29/37 

16 

P 6/12/32 

G 6/39, P 3/16/39 

20 

P 9/3/31 

13, 16 

19 

16 

2 

5, 16 

16 

2 

13 

P 6/30/38 

6, 16 

(10) 

Method 
of Con- 
struction 

rf 

rf 

rf 

Hydr, 

dump 

hf 

rf 

rf and 
hf 

hf 

rf 

rf 

rf 

rf 

rf 

rf 

hf and rf 
hf 

rf 

rf 

(9) 

Free- 

board 

(ft) 


(8) 

Fetch 

(Miles) 


(7) 

Wave 

Protection 

t t to g 

^ ^ lO '^0 CO 

8 

(6) 

Downstream 

Slope 

(M <NH|« "cT 

ea - oj - CQ - N CQ •.'^1®* U3 N OQ u? 

”-»o^ <M ^ '^<N ^ 

-THN . N ^ 

^ eo «? ^ io »o ^ 

(5) 

Upstream 

Slope 

«N 

cq ^ ^|~ c<» H!« HlN 

^co<NHi« -^'^cceoco co. cm 

« ec 

00 lO »o »o 

cq 

(4) 

Built 

1929 

1936 

1941 

1923 

1927 

1938 

1938 
1876-98 

1932 

1940 

1936 

1931 

1912* 

1939 
1902 

1940 
1868-86 

1909 

1924 
1895 
1940 
1906 

(3) 

Height 

(ft) 

138 

66 

106 

147 

166 

136 

200 

135 

130 

117 

47 

146 

14'i 

74 

123 

168 

115 

180 

223 

102 

126 

100 

(2) 

Location 

Germany 

Ohio 

CaUf. 

Calif. 

Calif. 

Mass. 

Colo. 

Calif. 

Calif. 

Miss. 

^ Ohio 
Australia 
Colo. 

N. H. 
CaUf. 
Colo. 
Calif. 
Colo. 

Wash. 

N. Y. 
Colo. 
Mass. 

(1) 

Name 

Niedorwortha 

Piedmont 

Prado 

Priest 

Puddingstone 

No. 1 

Quabbin Dike 

Ralston Creek 

San Leandro 

Oower) 

Santiago C-eek 
Sardis 

Senecaville 

Silvan 

Standley Lake * 
Surry Mountain 
Tabeaud 

Taylor Park 
Temescal 

Terrace 

Tieton 

Titicus 

Vallecito 

Wachusett 

N. Dike 



; Slopes given as horiaontal distance to unity vertical. 

Core walls noted when an important part of structure. Minor cutoff walls not noted. 
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32. Hydraulic and Semi-Hydraulic Fill Bams. Because of the magnitude of 
some hydraulic fill dams, great publicity has been given to the several slides and 
construction accidents which have occurred m connection with the construction 
of several of them. As a result some engineers exhibit a prejudice against that 
type of construction. As a matter of fact, since 1930 there have been several 
more or less serious construction accidents in connection with rolled fill earth 
dams but only one in connection with a hydraulic fill dam. There is no sound 
reason for such prejudice. All that is necessary is for the engineer to appreciate 
that the hydraulic fiiU dam is an engineering structure and that it should be given 
the same competent attention in investigation, design, and construction that one 
would give any other engineering structure. 

Hydraulic fill and semi-hydraulic fill dams must fulfill the same criteria of de- 
sign as earth dams, which are built by depositing material in layers and rolling, 
but, by reason of the methods of construction used, they offer an entirely different 
construction problem. 

The following definitions ® for hydraulic fiiU and semi-hydraulic fill dams are 
generally accepted. 

Hydraulic Fill Bam. An earth dam in the construction of which the materials 
are transported onto the dam by water and distributed to their final position in 
the dam by water is a hydraulic fill dam. 

Semi-Hydraulic Fill Bam. An earth dam in the construction of which the 
materials are transported onto the dam and dumped within the section of the 
dam by some other means than water, but some of this material is moved to its 
final position in the dam by the action of water is a semi-hydraulic fill dam. 

The semi-hydraulic fill method of construction has sometimes been the cheap- 
est and most convenient for use at a given site. There are, however, certain 
dangers generally inherent in this method of construction which should be 
appreciated and guarded against if the method is adopted. Dams built by the 
hydraulic fill method have been comparatively free from slides during or immedi- 
ately after construction,^ whereas several dams conskucted by the semi-hydraulic 
fill method have had slides during construction. 

A fundamental difference in stability during construction thus seems to be 
indicated. The hydraulic fill method deposits the material from flumes or pipes 
near the faces of the dam ,• the larger particles stay there and the finer ones move 
toward the center, the fin^t of all going into the central pool and being deposited 
there. Thus the toe and faces of a dam produced by this method are more per- 
vious, allowing water to drain out from the interior of the dam. Even if most of 
the drainage from the cores is by vertical crater action, as some engineers main- 
tain, such action takes place not only in the portion of the core underlying the 
central pool but also in those portions of the core covered by the pervious outer 
sectbns of the dam. Hence, whether the main drainage of the corfe is upward, 
downward, or sidewise, the importance of pervious outer sections is just 
as great. 

* Trans. Am. Soc. CivU Engrs., Vol. 85, 1922, p. 1215. 

^ The Alexander Dam iBarth Dam Projects, p. 7) is a notable exception to this statement. 
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In dams built by the semi-hydraulic fill method, the toes and faces usually 
have consisted of car dump fills. ^Material is washed away from these fills by jets 
of water from giants. The finer material goes into a central pool and is depos- 
ited, forming the core; the coarser particles are dropped near the car dump fill. 
In consequence of this action, the car dump fill at the face is often more dense 
and impervious than the material iiimiediately adjoining it on the inside of the 
dam, for this latter material has had the fines washed out of it by the action of the 
monitors. 

In some cases tests have shovm that the material in the car-dumped fills is 
actually more dense and impervious than that immediately adjoining. Through 
the presence of the central pool and the sluicing operations, this comparatively 



Fig. 20. TjT>ical double-jointed ball-bearing giant for sluicing. 


pervious area is kept full of water, which exerts considerable hydrostatic pressure 
on the relatively impervious car fill material at the face. Thus the car fills may 
form an element of weakness and by imprisoning the water may sometimes be the 
cause of slides even though the central core of fine material is so stable that it 
exerts no hydrostatic pressure. 

Engineering and economic factors have narrowed the possible use of semi- 
hydraulic fill dams so that the situations in which they might be used have 
become rare indeed. Consequently, very little space is devoted to them herein. 

The design and stability of hydraulic dams has been considered in Arts. 21 
to 25, Chapter 18. 

In Fig. 22 is shown the typical cross-section of the five Jvliami dams in Ohio. 
Fig. 23 is a cross-section of Sardis Dam, Mississippi, and Fig. 24 is a typical 
cross-section of Cobble Mountain Dam in IMassachusetts. These hydraulic fiU 
dams are more or less typical of many others. 

33. Typical Hydraulic Fill Construction. In t>q)ical hydraulic fill dams con- 
struction water under heavy pressure is delivered to a “giant” or “monitor,” 
which is a large-sized nozzle mounted on a standard with a ball and socket joint 
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SO that the direction of the stream may be readily changed without moving the 
standard, which is generally weighted down with stones or iron while in opera- 
tion. The giant is directed against the bank which it is desired to excavate in 
such a manner that the water will undercut the material and then break it up. 
The velocity of the water as it leaves the giant may be from 100 to 200 ft per sec. 
As the force of the wnter cuts down the material, the water and loosened mate- 
rial are guided to flumes or pipes through which they flow to the dam and are 
deposited. 

The minimum grade of these flumes or pipes is from 3 to 6 per cent according 
to the nature of the material. The water for the giant is obtained from high 
pressure pumps located at the river side, or else from a pipe line with its source at 



Fig. 21. Hydraulic giants operating in borrow pit, Almanor Dam, North Fork, Feather 
River, California. (Courtesy Pacific Goa & Electric Co., San Francisco.) 


a point ha\Tng a much higher elevation. In some cases the material is excavated 
by suction dredges and pumped to the site thr ough pipe lines. 

Flumes or beach pipes are generally maintained at both the upstream and 
downstream faces, discharging water and materials toward the center of the dam. 
A central pool of water is maintained whose width varies constantly between 
maximum and m i nim um widths prescribed directly or indirectly by the require- 
inmts of the engineer, as will be shown. As the water discharges from the 
slrn^ or trestles, the coarser material is deposited near the faces and the fin er 
maten^ flows into the central pool with the water and is slowly precipitated. In 
there is a gradation from the coarsest material near the faces of the 
to to fine^ at the shoulder of the core pool with the extremely fine material 
being deposited m the core pool. In many cases, however, there is some of the 
coarsest material deposited near the faces, but the body of the sheU is a mixture 
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135 ft from the center line as sho\\Ti because the beach slope is 5 per cent. As a 
result the depth of the core pool at this instant and at this station is 10 ft. Then 
the discharge of material is started from the beach pipes and the beach begins to 
build up and the edge of the pool is crowded closer to the center Ime. 


Theoretical Core Line Slope 3 on 1 
Maximum Water Surface 


Rolled Fill with impervious Core 
Hydraulicked Core 


Slope Determined for Safety 
A^inst Pressure of Core 
and Drawdown Pressure 
> Rock nil 



Maximum Pool Width at Beginning of 
Lift at Elevation Indicated 


Dike Kept Built Up 
by Small Drag Line 


Fig. 25. Method of construction of typical hydraulic fill dam. 


This procedure continues at the given station with the fines going into the pool 
and being deposited until the pool is crowded in by the deposit of beach material 
to point Bij which is the position of the new shoulder stake. At this point the 
sluicing is stopped at this particular station and the procedure is continued at 
another station until the lift has been carried all the way across the dam. 

On completion of the lift, the beach surface and core surface are indicated in 
Fig. 26, by the ImeAiBiCiDi, At this instant the edge of the core pool is at the 
shoulder Bi, approximately 70 ft from the center line of the dam and the depth 


Slufce Pipe Position 

Pool at Beginning of Next Lift- 
Beach Surface, End of Lift 



Pool Water Surface, Be® nning of Lift- 

Beach Surface, Beginning of Lift- 
- 100 ’ 


Minimum Pool End of Lift 
Proper Position 
for Shoulder Stake , 



PiQ. 26. Typical operation of core pool for 5 ft lifts on hydraulic fill dam. (See Art. 33.) 


of the core pool is again 6 ft at this particular station. At other stations the 
depth of the pool will rmge from 5 to 10 ft according to the stage in the operation. 

While in all hydraulic fill dams the material is carried on to the dam by water 
and deposited, there are several different ways that the material may be exca- 
vated and transported before it reaches the dam. At the borrow pit it may be 
excavated by hydraulic giants, by dredges, by steam shovels, or by drag lines. 
In the latte two cases the material is transported dry to a hog box where it is 

mixed with water and then run or forced through pipes to the beach pipes on the 
dam. 
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Thus at the Winsor (Quabbin Dam) in Massachusetts, material in a borrow pit 
was excavated by Diesel operated shovels and deposited directly through hoppers 
onto a movable belt conveyor system vrhich a succeeding belt elevated to the top 
of a hill overlooking the dam. Here it was deposited into a hog box and thor- 
oughly mixed with water by the action of the jets, after which the mixture 15 to 
22 per cent of which was solids, flowed by gra\'ity to the beach pipes on either 
side of the core pool. For stability of hydraulic fill dams see Art. 21, Chapter 18. 

34 Some Details of Hydraulic Fill ConstructioiL 

Required Velocity in Sluice Lines. One of the most important factors in any 
sluicing operations is the velocity at -which the mixture of water and material is 
transported. If the velocity in the sluice line is too low the material will drop 
out and deposit in the pipe, resulting in frequent stoppages. Frequently this -will 
require the disjomting and cleaning out of the line before work can be resumed. 
Fortunately there is some range betw’een a velocity which is definitely satisfac- 
tory and one which will cause serious stoppage. 

This is due to the fact that as the average velocity over the cross-section of the 
pipe decreases and causes material to drop out, the effective cross-section is thus 
reduced, and this in turn tends to increase the velocity over the remaining cross- 
section and thus prevents additional material from being deposited. Once a 
definite deposit is built up to make the pipe about half full, the required increase 
in velocity to make the lodged material start mo-ving again is frequently so great 
that the only practicable way to restore the capacity of the line is to disjoint it, 
clean it out, and start afresh. 

The velocity which will prove satisfactory varies with the size of the pipe, the 
character of the material being transported as clay, sand, gravel, angular gravel, 
and rock and also with the percentage of solids. Other things being equal the 
minimum satisfactory velocity will be less for a small pipe than for a large one. 

In a rough way the following mean velocities may be utilized as safe minimum 
velocities in sluice lines carrying a 15 per cent mixture ® of sand and gravel. 

16-in. pipe 15 ft per sec 
18-in. pipe 16 ft per sec 
20-in. pipe 18 ft per sec 
24-in, pipe 22 ft per sec 
30-in. pipe 24 ft per sec 

Friction Loss. In making hydraulic computations for a sluicing system con- 
sideration should be given to the fact that we are dealing -with a liquid heavier 
than water. The unit weight is dependent on the percentage of solids and may 
be readily determined for any given case. In general, unit weights found -will 
be between 70 and 80 lb per cu ft. If the line is operating under gra’vdty condi- 
tions, this helps to compensate for the additional friction over w^hat would occur 

® A 15 per cent mixture as herein used means that 15 per cent by volume of the mixture 
would be earth in borrow pit measure, i.e., in 100 cu ft of mixture there would be 85 cu ft 
of water and 16 cu ft of material as measured loose in the borrow pit. 
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with plain water. On the other hand, if it is a pump line, the heavier unit weight 
of the liquid in effect results in ha^dng a higher effective head to pump against. 

The mixture of material and the percentage of solids has a great effect on the 
friction head. Thus a mixture of glacial sand and gravel with 10 per cent fat clay- 
will show a rather small friction factor, whereas the same mixture without the 
clay might show a relatively high friction factor. Ever3rthing considered, for 
rough computations, it is suggested that the Hazen Williams formula with 
0 = 75 be used for sand gravel mixture ^dthout lubricating clay, and C = 100 
with lubricating clay. 

Thus F = 75 X 1.32i20-63,S0-54 

in which V = mean velocity of mixture in pipe, 

R = hydraulic radius = cross-section area divided by wetted perime- 
ter, 

S = slope (as 0.01 for a slope of 1 ft per hundred). 

It is best to have the sluice line on as even a grade as practicable avoiding 
humps and hollows in the line. 

Sluidng Box. The sluicing box (sometimes called hog box) can become the 
bottle-neck of the sluicing operation. The dry materials dumped into the box 
must be thoroughly saturated and suspended in the water before it leaves the 
sluicing box and enters the sluice line. Fig. 27 indicates the arrangement of a 



suece^ul sluice box at Winsor Dam, Massachusetts. This was a double box, 
one side normally feeding the downstream sluice line and beach pipes and the 
other the upstream sluice line and beach pipes. 

It -will be noted that the bottom of the sluice boxes is almost triangular and is 
equipped with a number of jets for saturating and agitating the material dumped 
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into the box. The box was fully lined with rubber, w’hich minimized wear and 
noise. At the back end of the sluice box there w^ere booster nozzles which could 
be utilized to push the material along into the entrance of the sluice pipes. The 
nonnal pressure of the jets was 10 to 15 lb per sq in., but a booster pump was 
available to raise the pressure of the water jets by 50 lb to the sq in. if 
required. 

At the back and above the twin sluice boxes w’as a control room overlooking the 
sluice box. the head of the belt conveyor, and the beaches. By means of con- 
trols on the hydraulically operated valves and remote control of motors, one 
operator could handle the elevating of the material to the sluice box, its mixing 
with water, and its deliver^" to the beaches. The plant w’as designed for 750 cu 
yd per hr, but maximum capacity was over 1000 cu yd. The capacity of water 
line and pumps to the sluice bo.xes w’as 25,000 gpm. As the mixture was 16 to 22 
per cent solids, the water capacity w'as found to be ample, with some reserve 
capacity. 

Beach Pipe, Pipe instead of open flumes are now generally used for discharg- 
ing material near the outer limits of the beaches (see Fig. 25). The method of 
operation is either end discharge or trap (window) discharge. End discharge is 
applicable to beach pipe lines up to and including 20-in. pipe. Trap discharge is 
applicable to 20-in. beach pipe lines and larger. 

With end discharge the beach pipe line is laid all the way to the far end of the 
beach. With the line discharging then at the end the lift is filled out at this 
point. Then a section of pipe is removed and filling is repeated, and so on until 
all the pipe has been disjointed. Next the beach crew adds on a section of pipe, 
fills the lift, and adds another section of pipe, and so on across the length of the 
beach. 

Throughout the entire procedure of taking off and putting on pipe the dis- 
charge of the mixture of material and water is never willingly stopped. A small 
caterpillar tractor crane is used at the outer edge of each beach to handle the pipe 
and to keep the outer le%ies built up. For beach pipe up to about 20 in. in 
diameter this end discharge method is generally the most convenient. 

When trap (or window^) pipe is used the beach line is not often disjointed but 
is kept in position and jacked up and moved in a bit for succeeding lifts. In some 
cases the pipes are merely supported on blocking and are jacked after each lift; 
in other cases trestles support the pipe high enough so that several lifts may be 
run before another trestle is installed and the pipe disjointed and set up again. 

The size of the trap is important. There is a usual tendency to make it too 
small. It should be one diameter wide and diameters long in order to pro- 
vide the best control. 

The traps should be either on the bottom or the side of the pipe, w’hichever 
works best under the given conditions. Doors for opening and closing traps 
should be hinged in such a manner that they move away from the opening and 
do not interfere with the discharge. Traps should be located not farther apart 
than one in every other 16-ft length of pipe or they may be located in short sec- 
tions of pipe inserted betw’een each two 16-ft lengths. 
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The trap method is certainly more convenient for 24- to 30-in. beach lines 
and may be desired for 20-in, lines, A number of traps are opened at a time 
and when the lift opposite a trap is completed that trap is closed and another 
is opened. Operating of traps should be in sequence instead of jumping around 


pouio^sy 4.USO 



from one part of the dam to another as this will help in Tnninta.ining an even 
beaeh hne, which is essential in m i n i mizing the development of tongues of sand 
mto the core and tongues of core into the sheU. Shear boards are also utilized 
on the beach to help to maintain the beach line. 

"Wear of Shuce The wear on the sluice pipe varies greatly with the 

character of the solids carried. For instance, a ^-in. thick 20-in. pipe of 
ordinary grade may not be good for more than 700,000 cu yd of sand gravel and 
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stones up to 6 in. in size if many of the particles are angular. On the other hand, 
the same pipe carr\"ing a mbdure of sand, gravel, rounded stone, and some clay 
may carr>’ several times the above yardage before it has to be discarded. 

The use of steel containing 0.75 per cent of manganese with about 0,6 per cent 
of carbon has been found to materially increase the life of the pipe. 

At W insor (Quabbin Dam) 20-in. pipe lined with rubber was used because of 
the abrasive nature of the material. Some of this rubber-lined pipe carried in 
excess of 2 million cu yd, but only a small percentage of the rubber lining was 
worn out. 

35. Materials Siutable for Hydraulic Fill Dams. Xot all materials are suita- 
ble for use in the construction of a hydraulic fill dam. Fine materials which 
are veiy^ uniform in size should not be utilized for the construction of hydraulic 
fill dams. Such materials are apt to be deposited in the shell at a density less 
than that at critical void ratio. (See Art. 13, Chapter 16.) In this condition a 
uniform material would be subject to a flow slide. Also soils composed almost 
exclusively of very fine particles, as clays and silts, or silts and fine sands, cannot 
be used in making hydraulic fill dams as the particles will not settle and consoli- 
date promptly enough.® 

Accordingly, it is desirable that the materials in the shells of hydraulic fiU dams 
should be nonunifomi in character. The uniformity coefficient (see Art. 2, 
Chapter 16) is one index to the desirability of the material in the shells of a 
hydraulic fill dam. The higher the coefficient the more nonuriiform the material. 
If the coefficient were unity all particles would be the same size. It is not by 
any means a complete index of desirability, but it is nevertheless a useful guide. 
The following are uniformity coefficients of typical shell material of the following 
dams: 


Dam 

Uniformity 
Coefficient 
of Shell 

Sardis, Mississippi 

4.5 

Winsor, Quabbin, Mass. 

16.7 

Kingsley, Nebraska 

5.4 

Fort Peck, Montana 

3.0 

Knightville, Massachusetts 

8.2 

Quabbin Dike, Massachusetts 

15.0 

Wichita Falls, Texas 

2.8 

Garza, Texas 

3.7 

Germantown Dam, Ohio 

16.6 

Englewood, Ohio 

14.0 


Glacial deposits frequently provide materials which are ideal for the construc- 
tion of hydraulic fill dams. The materials ranging all the way from clay and 
rock flour sizes up to stones and boulders too large to be conveniently trans- 
ported by hydraulic methods. Cobble Mountain and Winsor Dams in Massa- 

® For the story of an unsuccessful attempt to build a hydraulic fill dam almost exclusively 
of very fine material, see Joel D. Justin, Earth Dam Projects, p. 7 (Alexander Dam), John 
Wiley & Sons, Inc., New York, 1932. 
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chusetts, the Miami Dams in Ohio, and Kingsley Dam in Nebraska are all built 
of glacial sands, gravel, stone, silts, and clays. 





6uissO(j **©4 


An ideal borrow pit material for a hydraulic fill dam might have 15 to 30 per 
cent of fine material (silt and fine sand) from 0.(X)5 mm to 0.15 mm, most of 
which will be for the core and the rest of the material grading upward from fine 
sand 0.15 mm to cobbles 6 in. or more in diameter. 
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Between these extremes there is a considerable range of materials which may 
be successfully utilized for hydraulic fill dams. In Fig. 28 are given typical me- 
chanical analyses curves for the borrow pit material of several hydraulic fill 
dams.’® Figs. 29 and 30 give analyses of cores and Fig. 31 of shells. 

Colloidal material (Art. 3, Chapter 16) in a core should be avoided; even if it is 
present in the borrow pit, it can be wasted from the core pool. The coarse clays 
and silts wall make satisfactory' cores. 

It w'as found by the late Allen Hazen and others that w'hen the effective size 
of the core material is not less than 0.01 mm the core consolidates in a very 
satisfactory^ manner, but that if it contains a high percentage of veiy^ fine col- 
loidal material, it does not consolidate perceptibly during construction. Thus it 
is sometimes desirable to w'aste the finest of the fines, but if aU the fines are ex- 
tremely fine, it wiU be necessaiy to use them and to consider the resulting 
increased core pressure in the design. 

36. Desirability of Narrow Cores. Accidents have occurred in the past owing 
to the fact that shells were made too narrow' to resist the semiiiquid pressure of 
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Fig. 30. Typical mechanical analyses of cores of recently constructed hydraulic fill dams. 

the core. In general it is desirable to have the hydraulic fill core as narrow' as 
practicable down to a core slope of 3 on 1 or 4 on 1. Shell material, i.e., material 

10 Albert S. Crane, Fig, 155, in Creager and Justin, Hydro-Electric Handbook, 1927. 
E. W. Lane, in Eng, News-Record, V. 105, p. 965. Earth Dam Projects, 1932, Fig. 58. 
Personal records of the authors, 1942. 

Allen Hazen, “Core Studies in Hydraulic Fill Dams,” Trans. Am. Soc. Civil Engrs. 
Vol. 85, p. 1204. 
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outside tiie core, has a much greater shear strength than the core material 
Therefore, other things being equal a higher factor of safety against the internal 
pressure of the core will result by increasing the amount of shell material, de- 
creasing the amount of core material, and steepening the slope of the core. (See 
also Art. 21, Chapter 18.) 

In some eases in the past too much emphasis has been placed on getting the 
core as tight as possible. Occasionally the effort to obtain as tight a core as 
possible has led to increased width of core and a decrease in the stability of the 
shell with the result that a slide occurred during construction. 

An important point about the relationship of the core and shell of a hydraulic 
fill dam is that the shell should be tremendously more pervious than the core. 
If the shell is 100 times as pervious as the core, the necessary requirements of 
stability and relative permeability will have been met. Many shells are at least 
1000 times as per\ious as the cores. The seepage through the core is practically 
never of appreciable economic importance even in hydraulic fill dams used for 
water supply. 

In view of the above, if only 10 or 15 ft of the central portion of a hydraulic fill 
dam is true core, this is generally enough to insure adequate watertightness. The 
greater width of the core is just to make sure that we will obtain a portion of the 
core at the center which is free from sand intrusions. 

The minimum width of the core should be not less than 20 ft because it is 
usually impracticable to construct a core narrower than this and be sure to avoid 
getting sand lenses through it. For this reason it is usual to require that the top 
25 or 30 ft of the hydraulic fill dam or at least its core be constructed by rolled fill 
methods. 

37. Intrusion of Sand Lenses Into Core. The intrusion of sand lenses into the 
impervious core is objectionable only to the extent that it results in the increase 
of seepage through the dam to an amount which would be sufiBcient to be of 
economic importance or which is sufficient to affect the safety of the structure. 
Sand lenses projectmg into the core to some extent are present in every hydraulic 
fill dam and cannot be entirely avoided, but they can be minimized by care in 
construction. In fact, lenses of sand projecting a little way into the core are a 
positive benefit as they hasten the consolidation of the core and improve stability. 
Sand lenses are a frequent source of argument between the engineers and con- 
tractors and their removal is often a matter of great expense. 

The usual specifications for hydraulic fill dams are in serious need of revision 
in this and other respects in the interests of economy and safety. Many specifi- 
cations require the removal of all sand lenses within the limits of the core, thus 
materially and unnecessarily increasing the cost of the work. 

Specifications should, it is believed, permit sand lenses, regardless of thickness, 
to project into the core from either side 25 per cent of the theoretical core width 
(see Fig. 33) at any given elevation. Any sand lenses which project into the core 
farther than this should be removed or thoroughly broken up. In other words, 
the central 50 per cent of the theoretical core should be maintained of impervious 
core material free from sand lenses. 
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38. Removal of Sand Lenses. Any sand lenses that violate the above cri- 
terion can be broken up by water jets which are run do^n through them at close 
spacing. As the disturbed material settles back again after jetting there is a 
strong tendency for it to fall back in stratifications. However, if the jetting is 
done persistently enough, the continuity of the lenses can be broken up. Engi- 
neers have also tried various fonns of rakes and plows pulled through the core by 
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cables. All of these methods — ^jets, plows, and rakes — obtain only indifferent 
success. 

By far the most effective method of breaking up and remo\Tng sand lenses in 
the core of a hydraulic fill dam is by the use of a “baby dredge.” In its simplest 
form this baby dredge may not cost more than $3000 or $4000 and may consist of 
a flat-bottom barge propelled by a paddle wheel at the rear operating by chain or 
belt from a second-hand automobile engine. Another second-hand automobile 
engine operates a 6-in. centrifugal pump whose suction is located at the end of a 
short length of rubber suction pipe. No cutter is utilized, but the suction is of 
the sand-sucker type. The 6-in. dredge pump discharges to a skirt sticking over 
one side of the barge to spread out the discharge into a thin sheet for the length 
of the barge. The result of this is that the sand lens is cut through, the hole is 
refilled with core material which squeezes in, and the sand is dispersed over a 
considerable area of the core. 

Several of the dredges up to 8 in. in size were utilized in the core pool of the 
Kingsley Dam and proved very effective. In a dam of any ordinary size, say 3 to 
6 milli on cu yd, only one such dredge would be required. In Fig. 32 is shown one 
of the baby dredges used in the core pool of the Kingsley Dam on the North 
Platte River, near Ogallala, Nebr. (28,000,000 cu yd of hydraulic fill). In this 
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case the dredge pulled itself along by means of ropes anchored at various points 
on the beaches. 

39. Lenses of Core Material in Shell. The prevention of tongues or lenses of 
core material projecting outward material distances into the shells is at least as 
important as the prevention of tongues of shell material projecting into the core. 



Unfortunately many of the specifications have a lot to say about the latter, but 
they my nothing at all about the former. As a practical matter there is much 
more haz^ to the safety of the structure in a thick lens of core material pene- 
trating a large part of the distance through the sheU than there is in a lens of sheU 
material penetrating part way through the core. 
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It is recommended that at a point outside of the theoretical core line by a dis- 
tance equal to 25 per cent of the theoretical core thickness at that elevation any 
lenses of core material shall not be more than 2 in. thick. At a point outside of 
the theoretical core line by a distance equal to 50 per cent of the core width, 
there should be no lenses of core material at all. If lenses of core material are 
found which "vdolate the above criteria, they should be removed by drag line or 
some other method. 

40. Criteria for Lenses in Core and Shell. In Fig. 33 the recommended cri- 
teria for lenses of core in shell and lenses of shell material in core W'hich have been 
discussed above are presented graphically. The advantages of these criteria are: 



Fig. 33. Recommended requirements for lenses, hydraulic fill dams. 


(1) The intended degree of stability will be obtained. (2) The core will be suffi- 
ciently impervious. (3) The requirements are definite and a contractor knows 
just what the requirements are. (4) The requirements are sufficiently broad 
so that it is practicable to meet them. With careful 'workmanship there would 
not be any excessive cost for removal of lenses. (5) The requirements pe rm if . 
a construction organization to vary the actual width of the core within con- 
siderable limits so that they may use within limits the available percentage of 
core material in the borrow pits without the necessity for either importing 
additional fines or making provision for wasting them. 

41. Fort Peck Dam. The Fort Peck earth dam on the Missouri River in 
Northeastern Montana has a maximum height of 242 ft. The length of the main 
dam is approximately 10,600 ft. The total length, including the dike on the left 
or east abutment, is approximately 4 miles. The total contents is about 124 mil- 
lion cu yd, making it by far the largest earth dam so far built (1942). 

The dam was constructed by the full hydraulic fill method, utilizing large 
dredges operating in borrow pits in the floor of the valley. In some cases, in 
order to obtain suitable material, it was necessary to utilize borrow pits over 5 
miles from the dam and pump in several stages to reach the core pool. Con- 
struction operations w’ere started with one dredge on October 30, 1934. The 
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dam was fully completed in 1941. The average season for dredging was 7 
months, and an average day’s work of four dredges was 124,600 cu yd. A very 
considerable percentage of fines had to be wasted. 

In Fig. 34 is sho^m a cross-section of the Fort Peck Dam as originally designed 
and constructed. In this design the relative steepness of the upstream face 
(average 1 on 4) as compared with the downstream face (1 on 8.5) is notable, 
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and also the relative flatness of the core slopes as compared with the core slopes 
used in most of other recent hydraulic fill dams. 

Fotmdation Conditions. A geologic cross-section of this site on the axis is 
shown in Fig. 35. The maximimi depth of the foundation from the base of the 
dam to firm shale rock is about 164 ft. The steel sheet piling cutoff penetrated 
into the weathered shale and in some cases into the firm shale. In general the 
steel sheet piling extended approximately 20 ft above the original ground surface 
in order to form a good bond with the impervious core of the dam, resulting in a 
maximum length of steel sheet piling of about 170 ft. 

From Fig. 35 it appears that the Missouri River at this point has been a re- 
grading stream in past ages. At one time the river flowed over the foundation 
stratum which is Bear Paw shale, a dark bluish-gray clayey shale of marine 
origin. When unweathered it is a relatively firm shale, but on exposure to air it 
slacks and weathers to a fat clay within a short time. Some individual boulders, 
go to pieces within a few days. This process of weathering went on before and 
during the period when the river valley was being filled up and resulted in the 
zone of weathered and disintegrated shale along the shale contact. Also erosion 
from the hillsides washed disintegrated Bear Paw shale onto the valley floor to 
help form the extensive lenses of fat and lean clays, sometimes intermixed wdtb 
sands and gravels from a greater distance. Tests on the disintegrated and 
weathered shale and the weathered bentonite seams which it contained showed 
the material to have a very low shear strength. 

Core of the Dam. The core of the Fort Peck Dam was not as fine as one would 
expect from an examination of the borrow material, but this is because the 
core pool pumps wasted back into the river a very large part of the finest material 
received. As indicated in Fig. 36, there was about 23 per cent finer than 0.01 mm 
and about 35 per cent coarser than 0.1 mm (fine sand). It might be called a 
sandy silt. It was quite stable, as indicated by the fact that some of it stood up 
almost vertically immediately after the slide. At depths in the core pool of 50 ft 
or more, shear tests indicate a value of tan 4> of at least 0.6 (angle of internal 
friction 31°) and only a veiy slight cohesion. 
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The Shell of the Dam. Tests showed the angle of internal friction of the shell 
to be not less than 36°, and there was no cohesion. The shell material, as indi- 
cated in Fig. 36, had an effective size of about 0.13 mm and a uniformity coeffi- 
cient of about (0.38, 0.13) = 3.0. Many of the analyses curves for the shell 
indicated uniformity coefficients somewhat higher. Is onuniformity is greatly 
to be desired in the shell of a hydraulic fill dam, and the higher the unifoimity 
coefficient the more nonuniform the material. Also the steeper the mechanical 
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Fig. 36. Mechanical analyses of hydraulic core and shell material of Fort Peck Dam, 

Montana. 

analysis curve the more uniform the material. Thus the shell of the Fort Peck 
Dam is somewhat finer and more uniform than is desirable to an extent which 
makes the critical density a matter of interest. 

When shell material is fine and the uniformity coefficient is relatively low, there 
is some danger that the shell material will be less dense than critical density. 
(See Art. 13, Chapter 16.) Many tests indicated the shell material to be as 
dense or denser than the “critical density^' of the material.^^ 

As far as the relative permeability of the shell was concerned it was excellent, 
as the shell was over KXK) times as pervious as the core. Using Fig. 36 and 
Table 2 of Chapter 16, the ratio of permeability of shell to core is found to be 
approximately 15(X). 

The Slide. On September 22, 1938, when the hydraulic fill had reached eleva- 
tion 2255db (20 ft from top of the dam) and the core pool had reached 2252± a 

^ T. A. Middlebbooks, “Fort Peck Slide,” Tram, Am, Soc, Civil Engrs,, 1942. 




Art. 41] 


FORT PECK DAM 


801 


slide occurred in the upstream portion of the dam near the right abutment. 
At the time the water in the resen’oir stood at elevation 2117.5, ha\dng been 
gradually drawn dovvTi from elevation 2136 during the prenous 2 months. 

The total length of time consumed in the slide was about 10 min. Approxi- 
mately 5,000,000 cii yd or less than 5 per cent of the material in the dam moved. 
There were about ISO men in the slide area at the time it started and 8 of them 
lost their lives. 

Then portions of the upstream shell nearest the pool began to slide into the 
sinking core pool. In a lesser degree, similar cracks and sliding and slumping 
were taking place on the upstream portion of the dow^istreain beach. Simulta- 
neously with these developments, the main mass of the upstream shell, almost 
intact, was mo\’ing out into the reservoir, in a swung similar to that of a gate 
hinged at the east (right) abutment.^^ 

Investigation of Slide. The Chief of Engineers, General Julian L. Schley, at 
once appointed a board of consulting engineers to investigate the causes of the 
slide and to determine a suitable and safe scheme of reconstruction. A compre- 
hensive investigation of the slide and of all pertinent conditions was at once 
undertaken. A large number of exploratory drillholes 3 to 6 in. in diameter were 
put down in the affected area. Undisturbed samples of the material in the slide 
area were obtained from holes 12 to 36 in. in diameter. Exploratory" shafts and 
tunnels were put into the shale of the right abutment. At a number of points 
in the slide area refrigeration methods w’ere used to freeze the moved material 
all the w’ay down to the shale. Thirty-six-inch calyx borings were made through 
this frozen material and the undisturbed frozen cores w'ere presented for study by 
the engineers and the consultants. All in all the investigation was probably the 
most extensive and comprehensive of its kind. 

General Results of Investigation. The explorations and the tests on the un- 
disturbed samples obtained showed that (1) the upstream shell had sufficient 
strength against any pressure which might have been exerted by the core, 
(2) the upstream shell of the dam had its stratifications preserv’ed in the slide 
area, (3) the weathered shale and wreathered bentonite seams showed shear 
strength which resulted in a factor of safety of less than unity against shear 
through the foundation in this section, (4) cumulative e\"idence of foundation 
shear through the weathered shale with its weathered bentonite seams was 
found, (5) there was clear evidence of excess hydrostatic pressure in the firm 
shale and weathered shale in some cases amounting to 100 tt above the line of 
saturation in the dam, thus decreasing the effective w’eight of the embankment. 

The consulting board concluded that the slide “was due to the fact that the 
shearing resistance of the weathered shale and bentonite seams in the foundation 
was insufficient to withstand the shearing force to which the foundation was sub- 
jected. The extent to which the slide progressed upstream may have been due, 
in some degree, to a partial liquefaction of the material in the slide.” 

From ‘^Report of the Slide of a Portion of the Upstream Face of Fort Peek Dam/' 
July 1939, p. 4, Engineer Corps, U. S. Army. 

From “Report of the Board of Consulting Engineers on the Fort Peck Slide.” 
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It should ]>e noted that the downstream portion of the dam, the slope of which 
was twice as flat as the upstream slope, did not move at all. Another notable 
fact, as shown by Fig. 34, is that from Station 30 to Station 75, there was an up- 
stream berm at elevation 2112 but that this berm was lacking in that portion of 
the dam where the slide occurred. Fair inferences from the observed simple 
facts were: (1) Strength of foundation was insufficient to support relatively con- 
centrated load of dam with 1 on 4 slope but would successfully support dam with 
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Fig. 37.^ Cross-sections of Fort Peck Dam, Montana, as reconstructed. {Adopted from 
Fig. Report on the Slide of a Portion of the Upstream Face of Fort Peck Damf' Corps 

of Engineers^ V. S. Army.) 

1 on 8 slope; (2) the factor of safety of a portion of the upstream face beyond 
Station 30, which did not fail, was probably slim because the only difference 
between the portion which did not move and that which failed was the relatively 
slim berm at elevation 2112. 

These inferences were borne out by the investigation, but there were, of course, 
many complicating factors. 

In accordance with the recommendation of the board, the dam as reconstructed 
as shown by cross-sections in Fig. 37, The additional core required was made 
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very narrow and was placed and compacted by rolled fill methods. As indicated 
in Fig. 37, some of the core was sheared off in the slide, leaving shell material 
overlapping the remaining core and here the old core and the new core were con- 
nected by means r>f steel sheet piling as showm in Fig. 37. 

42. Kingsley Dam, Nebraska, The Kingsley Dam is located near Ogallala, 
Nebr., on the North Platte River. The maximum height of the main dam is 
165 ft. The length of the main dam is approximately 13,100 ft and the dike 
continues 3000 ft farther on the left abutment. The dam contains approxi- 
mately 28.000,000 cu yd of embankment, making it the second largest earth dam 
in the world (1942). Like the largest earth dam, Fort Peck, it was construct^ 
by full hydraulic fill methr>ds except for the relatively shallow topping off process 
which is, in general, necessaiy* ^ith all hydraulic fill dams. 

The foundation formation at this point consists of a dense massive thoroughly 
consolidated silt which, although it cannot properly be tenned ledge rock, has an 
ample shear strength to take care of any load which might come on it. The 
North Platte River had filled in the original stream valley xsdth sand gravel and 
some boulders to a depth ranging from 40 to 130 ft. The flood plain of the 
valley was, in general, covered with 3 ft to 10 ft of silt. Below this point there 
was very little silt mixed with the sand gravel of the valley fill, which in general 
was pervious but verj^ stable. The right abutment consisted of the so-called 
Ogallala formation, a series of strata of sands, gravels, and silts partially ce- 
mented by deposits of lime. The left abutment consisted of gently rising depos- 
its of blow sand, which had been found by investigation to have a density 
somewhat greater than “critical density.^’ As a precautionaiy measure the blow 
sand portion of the foundation was thoroughly saturated before and during 
loading and an additional width of embankment added on the upstream side of 
the dam over the blow sand area. 

As shown in Fig. 38, a steel sheet piling cutoff (Carnegie Illinois Section M 112, 
^ in. thick, 23 lb per sq ft) was driven into the brule fomiation, which was 
massive and impeivdous. The ma.ximum depth of steel sheet piling was approxi- 
mately 145 ft. To reach such depths it was necessaiy" to use as a maximum a 
gang of three jets on each side of the row of steel sheet piles, three of which were 
generally driven together. The pumping plant for the jets had a capacity 
300 gpm under a 250-ft head. Some compressed air was also used at a head of 
300 lb per sq in. This water and air under hea^y pressure practically liquefied 
the foundation, and with very few exceptions the piles were put do\\m and 
seated in the brule with little trouble. 

At the steep right abutment the steel sheet pile cutoff ties into a concrete core 
wall let into the Ogallala formation by means of stoping methods for a distance 
of about 500 ft into the abutment from the point where noniial reserv'oir surface 
would intersect the abutment. The bottom of this concrete wall was bonded to 
the brule. The above horizontal distance to which the concrete wall was carried 
into the abutment was for the purpose of securing a satisfactor\’ percolation ratio 
through some of the more pervious strata in the loosely cemented Ogallala for- 
mations. 
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On the gently sloping left abutment the steel sheet piling cutoff to ^ 
was terminated at Station 110, where the original ground surface was i 
3250 ( 20 ft below nonnal headwater). From here to the north end of the dil 
the cutoff consisted of a trench filled Tsith compacted imper\nous material (loess). 
The depths of the partial cutoff ranged from 40 ft on up to 10 ft at the end of the 
dam. 

In addition to the positive cutoff pronded by the steel sheet piling, it will be 
noted that the natural iniper\ious blanket w^as preser\'ed and it was also patched 
where necessar}’ to obtam a continuous blanket. 

For excavating and placing the fill a 28-in. dredge was used on the downstream 
side of the dam and another 2S-in, dredge on the upstream side of the dam. The 
valley fill excavated and pumped from the valley floor was deficient in fines. 
Consequently, the additional fines were pronded by a separate operation. A 
loess soil which is both stable and impendous was excavated in the dry from 
borrow pits on the right abutment, dmnped into a hog box and hydraulicked to 
the core pool The delivery pipes for this purpose were pronded with windows 
and were supported on pontoons in the center of the core pool. The core mate- 
rial in the dam had, in general, an effective size of 0.01 nun, which, though 
coarser than that in some hydraulic fill dams, is nevertheless relatively tight. 

A t}’pical mechanical analysis for the shell material is shown in Fig. 31 and a 
similar cur\’e for the typical core is shown in Fig. 30. 
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10. Joel D. Justin, Earth Dam Projeds, John Wiley & Sons, Inc., New York, 1932. 

11. Ceeager and Justin, Hydro-Eledric Handltook, Chapter 13, John ^iley & Sons 
Inc., New York, 1927. 

12. Also note the many references to articles on representative earth dams in Table 2 



CHAPTER 20 


ROCK-FILL DAMS ^ 

1, General. Rock-fill dams are used rather extensively in remote locations 
where the cost of cement for a concrete dam would be high, where suitable mate- 
rials for earth dams are not available, and where suitable rock can be quarried at 
or near the dam site. Attention is also called to the fact that a foundation might 
be acceptable for a rock-fill dam and not acceptable for a concrete dam. A 
number of these dams have been built to more than 200 ft in height and one dam, 
Salt Springs (Fig. 10), has been built to 328 ft. Such dams must of necessity in- 
clude an impervious element, which may be either an internal core wall or an 
upstream impervious facing, the latter type being now considered superior. 

In modem practice the rock-fill dam has three fundamental parts: (1) the 
dumped rock fill, (2) an upstream mbble cushion of laid-up stone bonding into 
the dumped rock, and (3) an upstream impervious facing resting on the rubble 
cushion. In some dams the rubble cushion is replaced by a graded filter and the 
impervious diaphragm on the upstream face is replaced by a relatively heavy 
earth fill. Such dams, however, are usually referred to as ^'composite darns’^ 
and are discussed in Art. 11 of this chapter. 

2. Foundation and CutoflE Wall. The essential condition with regard to the 
foundation for a rock-fill dam is that it shall not be subject to material settlement 
or to erosion from such seepage as may pass through or under it. To prevent 
such seepage, a concrete cutoff wall at the bottom of the facing is usually essen- 
tial. It should be bonded into firm ledge rock or other suitable impervious 
material. If the foundation is anything other than sound ledge rock, the possi- 
bility of a foundation blowout must be carefully investigated and guarded 
against. This concrete cutoff wall should extend across and up the sides of the 
canyon. Grouting may be required m the ledge rock below the cutoff in order 
to seal the dam against seepage under the structure. 

The connection between the impervious diaphragm on the upstream face of the 
dam and the concrete cutoff wall should be flexible so that a material amount of 
movement in the slab may take place without causing a rupture which would 
produce extensive leakage. The problem is particularly difficult at the junction 
of cutoff walls up the sides of the canyon with the flexible concrete facing, and the 
design at this point should permit a large amount of movement without danger 
of fracturing the concrete facing. The cutoff wall should be able to take any 
thrust which may be transmitted to it from the impervious diaphragm on the up- 
stream face. There is usually little or no settlement at the cutoff,, but a short 
distance away from it the settlement may be considerable. 

^ A large part of the data for this chapter was compiled by the late Carl Ashley. 
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3. Cross-Section. [Modern rock-fill dams are usually built on a ratio of base 
to height ranging iDetween 2.5 and 3.0. The downstream slope is usually made 
the natural slope of rock dumped from cars or trucks or about 1 on 1.3 to 1 on 1,4. 
If the slope is steeper or flatter than this it usually requires additional handling. 
The upstream slope ranges from the natural dumped rock slope to about 1 on 3^. 
Slopes as steep as 1 on have been used, as in the case of the Beaver Park Dam 


Reinforced 
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TABLE 1 — Important 


Bowman (First) S. Yuba 

North Bo'wman S. Yuba 

Fordj'ce (First) S. Yuba 

Fordyce ( Enlarged) S. Y uba 
French Lake S. Yuba 

Walnut Grove Hassayampa 

Castlewood Cherry Cr. 

Chatsworth Park IMormon Cr. 

Escondido San Elijo Cr. 

Lower Otay Otay Cr. 


Bear River (First) 
Bear River (En- 
larged) 

Meadow Lake 
Skaguay 
Sabrina 
South Lake 
Morena 


Relief 

Cucharaa 

Swift 

Strawberry 

Beaver Park 

Drew’s Dam 

Dix 

Bucks 

Bonito 

Salt Springs 

San Gabriel No. 2 


Mokelumne 

Mokelumne 

Mokelumne 
Beaver Cr. 
Bishop Cr. 
Bishop Cr. 
Cottonwood 
Cr. 

Stanislaus 
Cucharas 
Birch Cr. 
Stanislaus 
Beaver Cr. 
Drew’s Cr. 
Dix 

Feather 

Bonito 

Mokel umn e 
San Gabriel 


Penrose-Rosemont Beaver Cr. 
K4bLr K6bir 


Bakhadda 

Ghrib 


Haute Mina 
Ch^liff 


Bou Hanifia Hfl.Tnmfv Tn 

Foum-El-Gueiss Oueiss 

Tepuxtepec Lenna 


Mid-Fork 

Yuba 


Nantahala 


Nantahala 


Location 

Date 

Com- 

pleted 

Approx. 
Volume 
(cu yd) 

Approx. 
Height 
Above 
Founda- 
tion (ft) 

Crest 

Width 

(ft) 

Crest 

Length 

(ft) 

Base 

Width 

(ft) 

Calif. 

1876 

55,000 

96 


425 


CaUf. 

1927 

307,000 

168 

15 

680 


CaUf. 

1873-81 


93 

5 

800 

139 

CaUf. 

1926 

417,000 

130 

10 

1060 

335 

CaUf. 

1873 


68 

6 

250 


Ariz. 

1888 

46,000 

110 

10 

400 

140 

Colo. 

1890 


70 

8 

■600 


Calif. 

1896 

6,000 

41 

4 

159 


Calif. 

1895 

37,000 

76 

10 

380 

140 

CaUf. 

1897 

140,000 

135 

16 

565 

280 

Utah 

1899-1902 

39,000 

93 

10 

173 

289 

CaUf. 

1900 

56,000 

75 

13 

748 

133 

CaUf. 

1932 

85,000 

80 

7 

755 

164 

CaUf. 

1903 

46,000 

74 

12 

775 

103 

Colo. 

1901 

42,000 

70 

20 

405 

148 

CaUf. 

1909 

47,000 

70 

10 

1065 

150 

Calif. 

1910 

75,000 

80 

10 

650 

170 

Calif. 

1912 

324,000 

167 

16 

520 

389 

CaUf. 

1910 

137,000 

140 

13 

505 

290 

Colo. 

1911 

195,000 

125 

20 

550 


Mont. 

1914 


165 

15 

466 

478 

CaUf. 

1916 

330,000 

150 

15 

612 

382 

Colo. 

1914 


87 

16 

370 


Oreg. 

1916 

45,000 

65 

10 

610 

170 

Ky. 

1915-25 

1,747,000 

275 

20 

1032 

712 

CaUf. ! 

1928 

347,000 

122 

12 

1220 

320 

N. Mex. 

1931 

147,000 

102 

15 

440 

250 

CaUf. 

1931 

3,200,000 

328 

15 

1300 

905 

CaUf. 

1935 

1,200,000 

280 

18 

600 

785 

Colo. 

1932 


100 

22 

580 

206 

Tunis 

1925-32 


115 

25 

1100 


Algeria 

1928-33 

420,000 

148 

lei 

722 

354 

Algeria 

1936 

875,000 

233 

16^ 

886 

480 

Algeria 

1932 

1,000,000 

180 

i6i 

1510 

410 

Algeria 

1934 

170,000 

75i 

10 

820 

208 

Mexico 

1929 

91,000 

126| 

15 

900 

240 

Chile 

1939 


246 




Calif. 

1856 


1 100 


331 

185 

N. C. 

1942 


260 

30 

1040 

990 =b 
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Rock-Fill Dams 


Slope: 1 Vertical 
on — Horizontal 

Rubble 

Thickness 

Facing 
or Core 

Thickness of 
Face or Core 

Remarks 

Up- 

stream 

Down- 

stream 

Top 

<ft) 

Bottom 

(ft) 

Top 

fin.) 

Bottom 

(in.) 

1 

1 

6 

IS 

Timber 

3 

9 



Log crib, 1872; enlarged 1876; dis- 








mantled 1926. 


1.4 

5^ 

20 

R. cone. 

8 

12 


1 

4» 4 



Timber 



Enlarged 1926. 

1 

1.35 

4 

6 

R. cone. 

12 

18 

MonoUthic fleidble type face. 

4» 1 

iL 

2 



Timber 




0.43 

0.65, 1 

4 

14 

Timber 

6 

6 

Failed 1890. 

0.1 

.1 

4 

6 




Upstream earth fill added. Failed 1933. 

0.57 

0,87 

2 

2 

Cone. 

8 

16 


4 

1. li 

5 

15 

Timber 

2-i4 

2-3 

2 in. of concrete back of plank. 

li 

li 

None 

None 

Steel core 

4 

0.34 

Steel plate core w’all protected by con- 








Crete (see Fig. 11), failed 1916. 

f and 

2 

None 

None 

Facing- 

1 

4 

i 

First 68 ft, added 25 ft in 1902. 

vert. 




core 




ii 

4 — 1 

8 

16 

Timber 

2-l§ 


Enlarged in 1932. 

4. i 

4, 1.35 

8 

16 

Timber 

2-li 



1 3 

4 

4 

6 

7 

R. Gunite 

2 

4 

Original timber face burned 1929. 

0.58 

1.2 

None 

None 

Steel 

1 

4 

i 


4 

li 

5 

6 

Timber 

5 

9 

Facing renewed 1929. 

4 

li 

5 

6 

Timber 

I 5 

9 

Facing renewed 1930. 

4,0.9 

1.5 

16 

50 

Masonry 

36 

72 

Top raised 5 ft in 1917, 10 ft in 1923; 








cone, blanket for 42 ft above stream 








bed. 

4 

1.5 

13 

108 

R. cone. 

1 12 

36 


1 

1.5 

21 

21 

R. cone. 

18 

18-24 


1 

li, 1.5 

4 

4 

R. cone. 

6 

24 

2 in. sub-base imder facing. 

1, 1.2 

1.35 

4 

18 

R. cone. 

9 

15 

3 in. sub-base under facing. 

4 

4, 1 *5 

5 

5 

R. cone. 

12 

24 

MonoUthic rigid facing. 

4 

^1.5 

5 

16 

Timber 

1 4i 

4| 

Resurfaced 1930, two 1 1 in. layers. 

1, 1.2 

1, 1.4 

4 

14 

R. cone. 

8 

18 

Forms left on lower 160 ft. 

1.4 

1.5 

3 

7 

R. cone. 

12 

19 

Monolithic rigid facing. 

1.17 

1.4 

6 

13 

R. cone. 

8 

12 

j Coated wdth bituminous material. 

1.3 av. 

1.4 

15 

15 

R. cone. 

12 

38 

Monolithic fiesdble type face. 

1.2, 1.3, 

1.5 

6 

15 

Timber 

3-2 

3-2 

2-layer cone, facing failed by settling. 

1.35 








1 

1.4 

5 

11 

Steel 

1 

4 

1 

About f of rubble is set in mortar. 

1, 1.5 

1, 1.5 



Hollow 

6.5 

30 

Core slid and cracked. Slopes flat- 





core 



tened in 1930. 

0.86, 1 

li 

8 

20 

R. cone. 

12 & 16 

12 & 16 

Lower layer 12 in., top layer 16 in. 

0.7, 1 

li j 

10 

33 

Bit. cone. 

2-2i 

2-2t 

Porous cone, under and over bitumi- 








nous cone. 

0.8, 1 

i4 

ll4 

114 

Bit. cone. 




1 

li 

8 

13 

R. cone. 

8 j 

14 

One layer on cyclopean masonry. 

0.7 

0.7, 1.1 

6 

6 

R. cone. 

20 

20 

Rubble in cone, slabs; two layers of 








facing interlocking. 

1.6 

1.8 

Gravel 

Gravel 

R. cone. 

10 

16 


0.87 

0.60 

None 

None 

Planked 



First built 1856 to 79 ft, then widened 





timber 



by 44 deg. upstream dry wall and 





crib 



raised 21 ft. Went out 1883 sup- 








posedly by being blown up. Earli- 








est high rock-fill dam in U. S. 

1.4, 2.5 

1.4 

None 

None 

Earth core 

180 

324 

Core slope 1 on 1.42. 


Important Composite Rock-Fill and Earth Dams 


SIO 


ROCK-FILL DAMS 


[Chap. 20 


Remarks 

Includes two dikes. 

Timber core backed 
by dry wall. 

Feuled in 1893 and 
1904. Widened and 
cone. core wall 
added. 

Failed in 1909 but 
was repaired. 

Core 

None 

Timber 

R. cone. 

None 

Cone. 

None 

None 

None 

Earth 

Slope: 1 Vert, on — Hor. 

Down- 

stream 

Rock-fill 

1.5 

1.5 

1.5 

li 

U 

-3 (av.) 
1.3, 2 
1.5 

2 

Up- 

stream 

Rock-fill 

CO ift m 

-4m -him . nl'.^ . 

1-1 1-1 cs CO eo 

Up- 

stream 

Earth 

-Tt* CO co'^cococseo 

^ -8 CO ' . 

Base 

Width 

(ft) 

296 

300 

840 


’5 

§ 

2114 

1235 

1025 

720 

625 

1570 

1100 

450 

900 

Crest 

Width 

(ft) 

OiOOO O 

e4(NCO N(Mt1<CO CO 

Approx. ; 
Height 
Above 
Founda- 
tion (ft) 

67 

56, 81, 86 

58 

70 

60 

380 

190 

63 

165 

Date 

Completed 

1893 

1905 

1893-1907 

1907 

1909 

1933-37 

1938 

1927 

1941 

Location 

N. Mex. 
Idaho 

N. Mex. 

N. Mex. 

Idaho 

Calif. 

Ala. 

Utah 

N. C. 

River 

Pecos ; 

Snake 

Pecos 

Zuni 

Snake 

San Gabriel 

Little Warrior 

Fish Cr. 

Tuckaaegee River 

Dam 

McMillan 

Milner (3 dams) 

Lake Avalon 

Zuni 

Minidoka 

San Gabriel No. 1 
Inland 

Pleasant Valley 

Glenville 
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necessarily have a relatively high factor of safety against sliding because of the 
large mass involved. Thus J. D. Galloway (1) ^ points out that “On the assump- 
tion of a dam 200 ft high \\ith a crest 15 ft wide, a downstream slope of 1 on 1.4 
and a unit weight of 100 lb per cu ft for the loose rock and with the water load, 
ratios of height to base of 1 : 2.25, 1 : 2.5, and 1 : 3 Tvould have sliding factors 
(ratios of weight of rock to water pressinre) of 4,50, 5.14 and 6.45, respectively. 
These ratios are practically constant for all heights of dams.” Nevertheless the 
adequacy of the foundation should in all cases be investigated. 

6. Main Rock FiU. The rock fill in the main part of the dam must be of 
sound rock which \vdll not readily disintegrate, split, or crush. Thus, shales 
which slake in the presence of air are dangerous and should be rigidly excluded. 



Fig. 3. Construction photograph, Dix River Dam, March 9, 1925. {Courtesy L. F, 
Harza^ ConsuUing Engineer,) 


Rock which, when shot, shatters into very small pieces with a high percentage of 
chips and dust is unsuitable. 

Methods of placing rock fill vary with height of canyon walls and location of 
quarries. At sites with high canyon walls it is often possible to drive powder 
drifts into the walls in such a way that a considerable portion of the rock fill 
required may be shot down to, or near, its final position in the dam. At the 
Morena rock-fill dam (Fig. 5) for the water supply of San Diego, Calif., 180,000 
tons of rock was loosened by a single blast in a convenient location imder the 
cableway, and at the Dix River rock-fill dam (Figs. 3 and 6) in Kentucky 159,000 
cu yd was shot down by two powder drifts to a position within the dam area 


® Numbers in parentheses refer to Bibliography, Art. 14. 
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proper. However, the rehandling and grading of the rock, which is often neces- 
sary after such blasts, has led many engineers to question the over-all economy 
of the procedure except in unusual situations. 

The rock fill must usually be transported from the quarry by dump trucks, 
railroad, derricks, cranes, or cableway. With rail transportation side-dump 
cars are often used, working out on a circular track from one or both abutments. 
Where the width of dam is too narrow for such a circular dump track a timber 
trestle along the line of the dam is employed to start the fill, which is widened 



Fig. 4. Salt Spring Dam, California. Reinforced concrete upstream face under construc- 
tion. {Courtesy Pacific Gae & Electric Co,^ San Francisco,) 


by side dumping after reaching trestle level. The trestle timber is left in the 
fill. Successive lifts are made in this manner. An alternative to the trestle 
method is to use end-dump cars, working out from the side walls of the canyon, 
to form a rock-fill bank from which side-dumping may be more ejBdciently carried 
on. End-dump trailers drawn by caterpillar tractors were effectively employed 
at Salt Springs. 

With truck transportation the various lifts may be extended across the valley 
by both end and side dumping. Derricks, cranes, or cableways are used chiefly 
when the rock fill is obtainable directly at the abutment ends of the dam. In 
most recent large rock-fill dam construction railroad cars and trucks have trans- 
ported the rock fill. 
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Considerable difference of opinion exists as to the height of drop, or lift, which 
is ad\dsable. At Salt Springs (Fig. 10), with granite, a maximum drop of 165 ft 
was used, and the settlement in the dam proper was relatively small. The prac- 
tical limit would be such that it would not seriously injure the rock or be danger- 
ous to workmen. 

The size of the individual rocks may vary greatly. With ordinary dump 
trucks the maximum size is about 3 tons. Using air dumped railroad cars or 
very hea^y trucks it may average 10 tons, reaching a maximum size in recent 
dams of about 25 tons. The sizes if placed by derricks, cranes, or cableways 
depend upon the economical machine capacity. As far as practicable chips and 
dust should be excluded from the fill. Certainly, 10 per cent should be the top 
limit for such objectionable material under most conditions. 

6. Rubble Backing of Impervious Face. The rubble wall between the main 
rock fill of the dam proper and the concrete or other facing is built of hand- or 
derrick-laid rock and acts as a cushion equalizing settlement and stabilizing the 
upstream facing. It should be carefully laid up like a dry rubble wall with large 
voids chinked with spalls so that it will form a substantial backing for transmit- 
ting and distributing the water load on the impervious face to the main body of 
the dam as in Fig. 4. Rubble cushion walls have been made of varying 
thickness and the design of this feature is almost entirely a question of judg- 
ment. They have been made 5 ft to 50 ft at the bottom to a minimum of 4 ft 
at the top. 

There is an advantage in using a natural slope such as 1 on 1.3 to 1 on 1.5 on 
the upstream face. If the upstream face is very steep (say 1 on 0.5) the upstream 
cushion of hand- or derrick-placed stone should be very thick because in effect we 
have a dry rubble wall retaining the loose rock fill behind it as shown in Fig. 5. 
Necessarily in this case the hand- or derrick-placed cushion must be built as the 
loose rock fill is deposited and before the fill has attained practically any initial 
settlement. On the other hand, if a natural slope is used on the upstream face, 
the loose rock fill may be entirely completed in dams of medium height and 
volume and allowed to attain its initial settlement before the construction of 
the cushion. In recent high rock-fill dams the building of the cushion is begun 
after some convenient height, say 75 ft, of main loose rock fill has been reached 
and then follows up the loose rock dump. This practice is necessary because of 
the time element in completion of large dams and also in order to keep within a 
reasonably safe drop height for any additional stone required to form the rubble 
cushion. (See Figs. 3 and 6.) 

When the loose rock dump fill is built in advance to a natural slope, many 
engineers believe that there is no reason for making the derrick- or hand-placed 
rubble facing thicker at the bottom than elsewhere, although I. C. Steele, of the 
Pacific Gas & Electric Co., believes that it should be somewhat thicker at the 
bottom than at the top. The rubble cushion should have sufiBlcient horizontal 
width to permit the movement of the caterpillar cranes or the setting up of der- 
ricks. A thickness for the rubble of 10 ft normal to the slope is probably the 
minimum advisable except for very low dams. 
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Fig. 5. Morena rock-fill dam, California. {Trans. Am. Soc. Civil Engrs., Vol. 75 {1912) ^ p. 37.) 
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A rock-fiU dam with a very steep upstream slope will always contain much less 
material than one with, a natural upstream slope (see Fig. 7), but the quantity of 
relatively expensive hand- or derrick-placed stone will be very much greater. 
Both conservatism and economy usually favor the upstream face with natural 
slope. 

Under many conditions the following method of constructing rock-fiU dams up 
to a height of about 150 ft has been found economical. First the foundation, in- 
cluding the canyon walls, is stripped of all loose and erodible material. Then the 
loose rock fill is started by end dumping from trucks at one or both abutments at 
the elevation of the top of the dam. The dam is thus built out from the abutment 
on natural slopes, and the process is continued until the loose rock fill is com- 

Concrete Facing Reinforced 



Fig. 6. Dix River rock-fill dam — rubble, concrete, and timber facing on upstream side. 
(Eng. News-Record, Vol. 94^ p. 1059.) 


pleted. By this method the maintenance of the trucking roads over the loose 
rock fill is obviated except for the single road at the top of the dam. 

As the rock is dumped powerful streams of water are directed against the rock 
slopes, thus sluicing down out of the fill or into the interstices of the rock fill 
such fines as may be contained in the rock. 

After the loose rock fill is completed near the abutments the construction of the 
derrick-placed stone cushion is started. If the loose rock fill contains suitable 
big stones these are taken from the face of the loose rock fill just ahead of the 
derricks and used in constructing the rubble rock cushion at the upstream face. 
If the loose rock fill does not contain suitable big stones (500 lb and more) it may 
be desirable to dehver the stones for the cushion as a separate operation or to use 
smaller selected stones from the face of the fill to form a hand-placed rubble 
cushion. 

The placing of the reinforced concrete diaphragm which forms the upstream 
face follows the placing of the rubble cushion as promptly as circumstances will 
permit. 
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It will be noted that under this method the total cost of the loose rock fill 
which forms the body of the dam includes little more than the cost of quarrying, 
transporting, and dumping the rock. 

7, Impervious Upstream Facing. As previously stated, most recent practice 
in making the rock-fill dam watertight tends to the use of an impervious facing 
on the upstream slope attached in such a manner as to obtain some degree of 
flexibility to the cutoff wall at the upstream toe. The facing can be made of 
wood, steel, or concrete. In a few instances it has been of bituminous concrete. 

Timber Upstream Facing. The older dams were usually faced with wood, and 
its flexibility, which permits the rock dam to settle without significant damage, is 
quite an advantage. It is used frequently in remote locations where timber is 
plentiful. 

Below the minimum water surface elevation timber facings are practically 
permanent. Timber was used on the lower portion of the face of the Dix River 
Dam, Fig. 6. Timber in a rock-fill crib dam with plank face built prior to 1800 
at Norristown, Pa., was found to be in practically perfect condition in 1927 
below minimum water surface. Above this elevation, the life of a timber facing 
may be relatively short. Some timber facings have been built of timber im- 
pregnated with creosote, as on the Sabrina and South Lake Dams on Bishop 
Creek, California (1), which were resurfaced with pressure-treated Douglas fir 
and redwood. Such facings have a relatively long life, even in storage reservoirs 
where a large portion of the facing is exposed to the air for a material part of the 
time. 

Timber facmgs are subject to a serious fire hazard at any time when exposed, 
but this hazard may be largely obviated by the addition of a layer of gunite on 
wire mesh attached to the timber face or by an efl&cient patrol system. Timber 



Fig. 7. Drew’s Dam, Oregon. (Eng. News, Vol. 77, p. 100.) 


facings are often economical in remote locations and are particularly applicable 
where the variation in the elevation of the water surface is not great. These 
facings are usually from one to three layers of 2 by 12 in. or 3 by 12 in. plank 
laid parallel to the dam axis and spiked to sills, say 8 by 8 in., embedded in and 
anchored to the rubble cushion. 
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Concrete Facing. The general practice is to use reinforced concrete to pro- 
vide the impervious membrane on the upstream face of rock-fill dams. This 
membrane may be a single sheet of concrete or it may be made laminated with 
two sheets. Most recent practice of the single sheet has secured good results 
and may now be considered standard practice in the United States. 

It has been found that a concrete facing can be made safe against water pres- 
sure up to 300 ft with a thickness equal to about 1 per cent of the height with a 
minimum thickness of 12 in. (1) . The reinforcement is usually made the same in 
both directions and equal to about 0.5 per cent of the cross-section of the slab. 
It is usually placed in the center of the slab except where thickness exceeds about 
2 ft, in which case two layers may be used, one near each face. 

The concrete may be placed in 30 to 60 ft squares with expansion joints to 
permit adjustment under settlement of the rock fiU, or it may be poured as one 
large mat with construction joints only between pours and with reinforcing 
contmuous across the joints. The relative length of the upstream facing to its 
vertical height plays an important part in determining the method of pouring the 
facing slab. In high dams in narrow canyons, the facing should be divided into 
squares by expansion joints to accommodate the larger settlement movements to 
be expected. 

At Bucks Dam, 122 ft high, a reinforced concrete facing over 1000 ft long was 
poured directly on the rubble backing without expansion joints and after 8 yr 
there were no cracks other than a few hair cracks. 

With regard to cracking of the concrete facing slab at Salt Springs Dam (Figs. 
4, 9, and 10), I. C. Steele, Chief of Division of Civil Engineering, Pacific Gas <fe 
Electric Co., writes as follows: ^'Since its completion in 1931 the concrete facing 
of Salt Springs Dam has been frequently inspected from the crest (elevation 
3958.5) to minimum reservoir level at elevation 3710. The water surface never 
has b^n sufficiently lowered to permit of face inspection along the cutoff wall in 
the river channel. A large number of narrow closely spaced cracks and a few 
large cracks occurred in the facing adjoining the canyon walls. Generally, these 
are several feet from the cutoff wall and are largely confined to an area 20 ft wide, 
roughly paralleling the periphery of the canyon and extending from a level 60 ft 
below the crest to the lowest point of inspection. These cracks were caused by 
severe differential settlements near the abutments chargeable principaUy to water 
load and to lateral settlement of the rock-fiU mass from the abutments toward the 
center of the dam. The 1-in. space at the vertical joints proved insufficient in 
the central one-half of the length of the structure. High lateral compressive 
forces closed these openings and caused occasional spawling of the top 2 to 3 in. 
of the concrete slab at three vertical joints immediately below the crest. Minor 
repiairs were made. Concrete along 120 ft of horizontal joint 162 ft below crest 
^d adjacent to the left canyon wall was badly broken and crushed, primarily 
l^use the down-slope thrust created a heavy eccentricity of loading within the 
^b owing to large and diff^ntial settlements of the underlying rock fill. Dur- 
ing 1939 the damaged sections were completely removed and replaced with new 
concrete. To date (1939) less than $25,000 has been expended in face repairs.” 



It is believed that two or more additional expansion joints, spaced about 5 
art, in addition to the expansion joint at the cutoff wall, should be provid< 
)ng the canyon wall in the case of high dams, but the number of such join 
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The copper water stops quite generally utilized at expansion joints should be so 
designed that material movement may take place between adjoining blocks with- 
out rupturing the water stop. To facilitate such action a piece of asphalt board, 
about ill- thick, or other relatively soft material, is sometimes inserted in the 
groove of the copper water stop and the tongue swabbed with hot tar or asphalt 
to prevent adherence of concrete. Great care should be exercised in placing the 
water stops to make sure that there are no areas of honeycombed concrete in 
contact T\ith the water stop. 

Earlier practice in facing construction was to bring the rubble cushion to a 
smooth surface by plastering the joints or by laying up a course of rubble with 
mortar joints, sometimes applying a bituminous coating thereon, so that the 
concrete diaphragm would be free to move independently of the rock settle- 
ment. 

Later practice, as at Dix River Dam (5), Salt Springs (1 and 8), and other 
dams, has been to construct grooves in the rubble cushion approximately 2 ft 
deep by 3 to 4 ft wide along the lines of vertical and horizontal expansion joints. 
The horizontal and vertical concrete stringers on which the slabs rest should be 
poured in these grooves without the use of bottom forms so that they will bond 
thoroughly into the rock fill. They need not be reinforced. Their top must be 
finished to line and grade to receive the concrete slabs. 

The top of the rubble cushion should be chinked with spalls sufliciently to 
prevent waste of concrete or loss of mortar from concrete. The concrete should 
then be poured directly upon the top surface of the rubble cushion. The con- 
crete facing and a portion of the rubble cushion are thus so bonded together as to 
act as a monolith following the settlement of the rock fill beneath. 

Some engineers feel that bonding the slab to the rubble cushion tends to 
prevent the free action of the expansion joints. In order that the expansion 
joints should act properly as such it would be necessary to use either a light 
wooden form or a mortar bed covered with tar paper on top of the rubble cushion 
and to anchor the upper end of the concrete slab to the stringer by means of a 
shear key and heavy reinforcing bars, leaving the lower end and sides free to move 
. on the other stringers, the tops of which should be coated with asphalt to prevent 
adhesion. However, as described above, it has been demonstrated by actual 
construction that the concrete facmg will adjust itself when poured directly on 
the rubble cushion. The cost of such facing is less than any other type, and suc- 
cessful experience justifies its use. Fig. 9 shows some of the more important 
details of the reinforced concrete facing used at the Salt Springs Dam in Cali- 
fornia. 

8. Setttement and Sluicing. Total vertical settlement in excess of 5 per cent 
of the height has occurred in some rock-fill dams, and the horizontal displacement 
may be nearly as great. If, however, the loose rock dump fill is constructed in 
advance of the rubble cushion with a proper use of sluicing water, the ini tial 
settlement may be large; but subsequent settlement, after the placing of the 
rubble cushion and the impervious facing, should not exceed 2 per cent of the 
height. 
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In the Salt Springs Dam, height 328 ft, for instance, provision was made for a 
vertical settlement of 6 ft and a horizontal displacement of 4.2 ft. The actual 
vertical settlement at the crest has been about 2 ft. Settlement is not uniform 
nor is it vertical. The tendency is for movement to take place in a direction 
perpendicular to the water face. The proximity and configuration of the canyon 
walls have a marked influence on settlement at any particular point. At Salt 
Springs Dam the maximum total displacement took place at a distance about 
40 per cent up from the base of the total height of the dam. The observed set- 
tlement for several dams is given in Table 3. 

TABLE 3 

Observed Settlement Rock-Fill Dams 





Total 

Total 

Total Vertical 



Period of 

Horizontal 

Vertical 

Settlement 


Height 

Observation 

Movement 

Settlement 

as Per Cent 

Dam 

(ft) 

(yr) 

(ft) 

(ft) 

of Height 

First Bowman 

96 

45 


1.28 

1.33 

Dix River 

270 

11 

1.93 

2.48 

0.92 

Strawberry 

140 

19 

1.60 

2.11 

1.50 

Swift 

125 

22 

3.10 

2.93 

2.34 

Morena 

148 


.... 

1.65 

1.00 

Oued K4bir 

115 

, , 

.... 

3.10 

2.70 

Vannino 

76 

, , 

.... 

1.67 

2.20 

Salt Springs 

328 

8 

1.01 

1.97 

0.60 

Nantahala 

260 

2 

0.40 

1.00 

0.40 


Small chips and dust, if present to any considerable extent, will lodge between 
the rocks and will later sift down into the interstices of the larger rock under the 
action of rain falling on the dam and passing down through it. This may cause a 
material settlement of the dam and may cause serious movement and cracking 
of the impervious upstream face. Accordingly the fines should be constantly 
washed into the rock mass with hose streams as the fill is being made. The 
quantity of water which should be used for this sluicing operation will vary with 
local conditions. Theoretically if there are no spalls or dust, no sluicing would 
be required, but practically it has been found desirable to use from 2 to 4 times 
the volume of the dam in sluicing water. Continuous sluicing during construc- 
tion will produce presettlement of the fill and thus increase stability. The 
elimination of lenses of small particles thus obtained will reduce local settlement 
when water pressure is applied on the dam. Generally speaking, the use of an 
adequate amount of sluicing water during construction is one of the most im- 
portant factors in the proper construction of rock-fill dams. In this connection, 
it is of interest to note that in the original construction of San Gabriel No. 2 very 
little sluicing was done and as a result the first heavy rain resulted in a 12-ft 
settlement causing the destruction of the concrete facing (10). At Salt Springs 
Dam and San Gabriel No. i the sluicing water was twice the volume of the rock 
fill. At Nantahala, N. C., the ratio of water to rock fill exceeded 4. 
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In addition to the settlement caused by chips and dust sifting down into the 
interstices of the larger rocks, referred to above, settlement is also caused by the 
crushing of the bearing points of the rocks when the load comes on them from the 
weight of the rocks above and from the transmitted water pressure. In this 
connection it is worth noting that quarry run rock, which contains assorted 
sizes, provides more bearing points than big rock alone of uniform size. 

The settlement is, of course, much greater in the early life of the dam and is 
greatest during the first few months. The dam is usually built from the canyon 
sides toward the center, and as the fill advances from each side it causes the rock 
to settle toward the center. The initial settlement hastened by sluicing should 
be allowed to take place to as great an extent as practicable before the construc- 
tion of the impervious upstream face is started. 

9. Spillways and Freeboard. It is very nearly as essential to prevent the 
overtopping of a rock-fill dam in time of flood as it is an earth dam. Any type of 
spillway suitable for an earth dam is also suitable for a rock-fiU dam. In many 
cases the “side channel” type of spillway, where a spillway channel is cut through 
the ledge rock at one side of the dam, has been utilized. Sometimes the dis- 
charge from such a spillway is through a tunnel. Other things being equal a 
“saddle” spillway remote from the dam itself is desirable. 

The spillway capacity to be provided should be determined by a careful study 
so that there wiU be no danger of overtopping the rock-fill dam. Some spillway 
requirements have been met by constructing a spillway over the rock fill out of 
timber and planking, as was done in the Beaver Park Dam in southern Colorado. 
The Laguna weir in the Colorado River, built by the United States Reclamation 
Service, is essentially a rock-fill overflow dam; but its height is 24 ft and it has a 
bottom width of more than 200 ft and a downstream slope of 1 on 12. Many of 
the early spillway dams in the eastern part of the United States were rock-filled 
timber cribs with planked upstream and downstream faces. Some of these are 
more than 100 yr old and are still in service. However, this is no precedent for 
using a modem rock-fiU dam, which is devoid of restrainmg timber cribs, as a 
spillway. Paying or planking the rock fill to form a spillway over the top of a 
high rock fill is inadvisable because a rupture of the spillway paving may cause 
erosion or even the destruction of the rock fill. 

Most failures of rock-fill dams have occurred by overtopping. In addition to 
ample spillway, ample freeboard must be provided, as any overtopping where the 
water attains an erosive velocity is apt to result in failure. In determining free- 
board above pond elevation during the maximum extimated flood, it is not 
necessary to use quite as high a factor of safety as in a comparable earth dam be- 
cause if spray passes over the top of the dam it wiU not injure the downstream 
face. 

Salt Springs Dam. The Salt Springs Dam is a good example of modem prac- 
tice m the design and construction of a high rock-ffll dam with an impervious up- 
stream face formed by a diaphragm of reinforced concrete slabs. This dam is one 
of the Imgest rock-fill da^ (3,170,000 cu yd) as well as one of the highest (328 
ft). Fig. 10 shows a typical cross-section and Fig. 9 shows some of the Aagantial 
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details. It will be noted that the rock fill has natural rock dump slopes and that 
the thickness of the rubble cushion of hand- and derrick-placed rock is relatively 
moderate, being about 15 ft perpendicular to the slope from the bottom to the 


Max. w. s. El. 


Slab Thickness Varies 
from 3'.0" to I'-O" 
in 300 Feet 
Timber Facing on Top 
of Concrete Slab 
Below El. 3170- 


Coping Wall 
Min. 


Spillway Quany Level El. 3910 

Fill Overbuilt to Obtain 
'Average Slope of 1.4 to 1 



Fill from Small Quarry 
Near Upstream Toe 

Fig. 10. Salt Springs Dam, Mokelumne River, California. Maximum cross-section. 
{Courtesy Pacific Gas & Electric Co., San Francisco.) 


top of the dam. The reinforced concrete facing was laid in squares 60 by 60 ft 
on horizontal and inclined concrete stringers located at the expansion joints and 
embedded in the rubble cushion. 

10 . Core Wall Type of Rock-Fill Dam. Rock-fill dams are sometimes built 
with a core wall of concrete or reinforced concrete. A steel diaphragm, with a 
thin protecting layer of concrete on each side, has also been used as a core wall 
in such a dam. The core wall is usually placed in about the center of the dam 
and the loose rock fiU dumped on each side of it. The upstream half of the rock 
dam is thus submerged, which decreases the stability of the dam, requiring addi- 
tional material downstream to take the full horizontal thrust of the water 
pressure. The center diaphragm cannot be repaired in case of settlement or 
cracking. The Lower Otay Dam, in California (24), was of this type (see Fig. 
11). This dam was built in 1897 to a height of 135 ft and, after nearly 20 yr of 
service, failed by overtopping in 1916. The side slopes of 1 on are steeper 
than would be considered conservative today for a dam of this type. 

A dam of this type is practically an earth dam of excessively pervious material, 
depending absolutely on the imperviousness of the core wall. In turn, the 
stability and safety of the core wall depends on the supporting power of the 
loose rock fill. It is essential that there should not be much earth or debris in 
the rock fills, as this leads to undue settlement, which may unbalance the pres- 
sures on the core wall to such an extent as to cause serious cracks and distortion, 
and, in an extreme case, bring about failure. 

11. Composite Type of Rock-Fill Dam. This type consists of a rock fill on the 
downstream side of the dam and an earth fill on the upstream side. Such a 
dam, when properly constructed, produces a very stable and satisfactory struc- 
ture. The earth fill furnishes the watertight portion of the dam, an intermediate 
section provides a filter, and the rock fill forming the downstream portion pro- 



Fig. 12. McMillan Dam, Pecos River, New Mexico. {Information hy courtesy of Bureau 
of Reclamation, Denver, Colo,) 
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\ides ready drainage for seepage water and adds a greater degree of stability to 
the structure than would generally be pro\dded by an equivalent amount of 
earth. 

McMillan Dam (Fig. 12), knovm also as Pecos Valley Dam No. 2, the Inland 
Dam (Fig. 13), and the Glemille Dam (Fig. 14) are examples of the composite 
type rock-fill dam. In constructing such dams, the rock fill should be carried up 
ahead of the earth. Where the earth-fill and the rock-fill portions of the dam 
join, the voids between the big stones should be chinked up with smaller stones 
and spalls and then several hea\y layers of graded crushed stone or gravel should 
be placed on the upstream surface of the rock fill before the earth fiU is placed 
against it. The proper use of these layers of crushed stone or gravel is a matter 
of the greatest importance to the pennanent safety of such a dam, as there must 
be no penetration of finer material into coarser material due to water pressure or 
seepage. 

A suitable gradation for such a composite dam of moderate height would be 
the following: 

1. On the chinked-in surface of the dumped rock place a layer 3 ft thick of 
screened gravel or crushed stone having a niinimimi size of 

2. On the above layer place another 2 ft thick, grading between and 

^in. 

3. On the above layer place one 18 in. thick of coarse sand which with all pass 
a M’ii* sieve. On top of this third layer place the earth fill, placing the most 
pervious portion of the material near the downstream limits and most impervious 
near the upstream face. If the dam is over 100 ft high greater thicknesses of 
filter may be desirable in its lower portion. 

In effect this measure produces a filter and prevents the earth from being car- 
ried away through the large interstices of the rock fill by the action of seepage 
water and rain. A suitable substitute for the graded layer filter is a single, much 
thicker layer of run of bank gravel which contains suitable proportions of the 
various sizes. Such a layer should seldom be less than 10 ft thick because some 
of the sand will penetrate into the rock fiU. Such movement, however, is 
quickly blocked by the larger sizes of gravel. 

In the construction of the Inland Dam, near Birmingham, Ala., a composite 
type (Fig. 13), a considerable portion of the sandstone, which formed the rock- 
fiU part of the structure, was crushed and graded in order to produce the required 
filter effect and eliminate fines. 

12. Earth Core Type of Rock-FiU Dams. A conventional type of rock-fiU dam 
having an impervious element consisting of an earth core in the center of the dam 
is indicated in Fig. 16. A somewhat unique type in which the core is considera- 
bly inclined upstream, as indicated in Fig. 15, was constructed on the Nantahala 
River in 1941, in western North Carolina, by the Nantahala Power & Light Co. 
The Nantahala Dam was designed and constructed under the direction of J. P. 
Growdon, Chief Hydraulic Engineer of the Aluminum Co, of America. The 
arrangement of the inclined imper\dous diaphragm of earth, with filters both 
above and below it, is believed to be original with Mr. Growdon. 
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Fig. 16. Nantahala Dam. {Courtesy 
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This type of dam is particularly adapted to locations where there is a plentiful 
supply of good rock fill and, at the same time, sufficient earth for the core. In 
addition, the earth core possesses certain advantages over the concrete slab or 
other conventional facings frequently used for rock-ffil dams. It can yield 
readily to settlement of the rock fiU without damage ; it is self-healing with re- 
spect to any cracks which might be formed. Because of this feature dams of 
this type often have less seepage than rock-fill dams with a concrete face. The 
seepage at Nantahala, for instance, is only about 6 cu ft per min. 

As showm in Fig. 15, the core is protected on both sides by filter layers. The 
downstream filter prevents loss of core material by piping due to pressure of res- 
ervoir water, and the upstream filter affords similar protection against reverse 
flow when the reservoir is drawn down. 

The required thickness of core depends on the permeability of the material. 
When highly impervious fill is available, a very thin blanket would, theoretically, 
suffice. However, there are practical considerations which also govern, such as 
adequate space for spreading and rolling and the provision of an ample mass to 
allow for deformation due to settlement of the rock fill. These latter considera- 
tions determined the thickness of the Nantahala core. 

Similarly, the thicknesses of the filter layers will, in general, be governed by 
practical construction requirements. Some “seasoning’^— migration of fine par- 
ticles near the layer boundaries — is certain to take place, and an ample margin 
must be allowed for this, as well as for the inaccuracies in placing, which are 
unavoidable in rapid construction. Tests on efficiency of available filter mate- 
rial are usually made. (See Art. 24, Chapter 17.) 

Considering the general case, it is obvious that the core could be placed any- 
where within the section from a position at the center, as in Fig. 16, to a position 
nearly parallel to the upstream slope, as in Fig. 15. In the vertical position, the 
water pressure is transmitted horizontally to the downstream rock fill, so that 
generally, in order to secure adequate stability, the downstream slope must be 
flatter than the angle of repose. Moving the core from this position to progres- 
sively flatter positions upstream permits a steepening of the downstream slope 
but requires a corresponding flattening of the upstream slope to provide protec- 
tion against upstream sloughing during drawdown. 

In an investigation of the optimum position of the core, Glennon Gilboy has 
found that shifting the core over the full possible range will not change materially 
the total yardage of the dam. He concludes, therefore, that economy of design 
appears to rest on considerations of efficient construction rather than on total 
yardage. 

He points out that locating the core in such a position that the upstream face 
of the downstream rock fill can be built on its angle of repose will offer the fol- 
lowing economies. 

a. Sufficient stability against direct water pressure will be obtained with the 
downstream face at its angle of repose, thus avoiding, for the entire downstream 
rock fill, any expensive rehandlmg when placing. 
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h. The downstream fill can be placed well in advance of the core and take a 
large part of its settlement before the core is placed upon it. 

c. The downstream filter can be placed at its angle of repose, avoiding the use 
of batter boards or saw-tooth construction in this very important element of the 
dam. 

The crucial feature of design of a dam of this type is the stability of the up- 
stream slope when subject to rapid drawdown of the reservoir. Proper methods 
for testing for stability under such conditions are described in Chapter 18. 

13. North African Rock-Fill Dams. French engineers have designed and con- 
structed a number of rock-fill dams in Algeria (6) ; and modern practice there in 
their design and construction is so different from that in America that it is desir- 
able to take note of it here. The partial failure of the Oued K4bir Dam in 1929, 
composed largely of a dumped rock fill, due to the shearing of its centrally located 
hoUow multiple-arch reinforced concrete core wall (19) led to a general revision 
of the criteria of design and construction. 

Recent rock-fill dams in Algeria have been constructed entirely of derrick- and 
hand-placed stone. Essentially they are dry nibble dams with special care taken 
in the use of selected rock near the upstream face. Voids are thus reduced to 26 
to 32 per cent of the total mass as contrasted with 35 to 45 per cent in American 
rock-fill dams. 

Upstream slopes are usually somewhat steeper than 1 on 1 and downstream 
slopes may be as steep as 1 on Ij^. Selected carefully placed stone is used at 
both faces. 

The impervious diaphragm is usually located at the upstream face, and refine- 
ments in design, unknown in America, are used to insure watertightness and 
acc^ibility for inspection and repair. It appears to be usual practice to locate 
^ inspection gallery in the cutoff wall at the point where it connects to the 
impervious upstream face. 

The unusual precautions taken to insure a tight impervious diaphram on the 
upstream face are illustrated by the measures adopted at the Ghrib Dam 
(height 233 ft) . Here a course of rubble laid in mortar was used at the upstream 
face. On top of this was placed a 3-in. layer of special porous concrete. The top 
si^ace of this concrete was then sprayed with bitumen and a 2% in. layer of 
bituminous concrete placed and rolled. On top of this bituminous concrete a 
second layer of the same material and the same thickness was placed. On top of 
this bituminous layer was placed a thin layer of mortar, and then finaUy a layer 
of reinforced concrete about 4 in. thick divided into slabs about 10 by 63^ ft, but 
with the m^h reinforcement continuous. The top layer of reinforced concrete, 
which is intended to serve as heat insulation for the bituminous concrete under- 
neath, is sprayed with water during very hot weather. 

In cases where seepage downstream from the cutoff walls is anticipated, exten- 
sive precautions are sometimes taken to drain away the seepage water at veloci- 
ties which will not erode the foundation. Thus at Bou Hanifia, where a marly 
sandstone overlies an impervious marl, the foundation being badly faulted, an 
extensive inverted filter and drainage system is utilized, following a desien by 
Terzaghi. 
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Section A-A - Vertical Joints 
Fig. 17. Bakhadda Dam, Algiers, North Africa. 
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The Bakhadda Dam (Fig. 17) in Algeria was built entirely of derrick-placed 
stone and was designed to have two concrete facings. The lower facing was 
built and the dam was placed in operation in order to allow the settlement under 
water load to take place. The leakage was found to be practically nonexistent 
with only the lower facing installed. However, on account of possible earth- 
quake disturbance, the original plan was carried through and the upper facing was 
poured after the two facings were thoroughly separated by bituminous paint. 
A system of drainage by semicircular conduits was installed and connected with 
the observation gallery. Fig. 17 shows a cross-section of this dam and the 
elaborate details of hinge and expansion joints. 
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CHAPTER 21 


STEEL DAMS 

1. General. The use of structural steel for the building of dams has not been 
very extensive in this country. Only three (1, 2, 3, 4) ^ important structures 
have been of this type. The Ash Fork Dam in Arizona, Fig. 4, built in 1898, 
and the Redridge Dam in Michigan, Fig. 5, built in 1901, have given satisfactory 
results. The Hauser Lake Dam in Montana, Fig. 6, built in 1906, failed after 1 
y^ of service. Its failure was attributed to undermining of the foundation by 
leakage through or under the steel sheet pile cutoff and was in no way a reflection 
on the superstructure. However, an opinion has been expressed that the leakage 
may have been caused by the pulling of the piling, which was used as an anchor- 
age as explained in Art. 7. 

Although the aversion to steel dams has been mitigated to a great extent by the 
excellent records of the Ash Fork and Redridge Dams, there still remain the 
following defects, some of which may be immaterial but which nevertheless have 
influenced in the past their rejection as possibilities. 

1. Steel is not considered as permanent as concrete, particularly in the case of 
solid concrete dams. 

2. Steel requires greater and more constant maintenance than concrete. 

3. Steel dams, being lighter, are not as adaptable to absorb the shock from 
vibrations of spilling water. 

4. The types of steel dams which have been built require anchoring to the 
foundation, a procedure which is possible but which is not considered good prac- 
tice for concrete dams. 

5- Considerable concentration of bearing stresses, as m Fig. 3, 

The advantages of steel dams are: 

1. Greater speed m construction. 

2. Claimed less cost. 

3. Stresses more determinate. 

4. Greater flexibility to resist unequal settlement without excessive leakage. 

5. Not affected by frost action. 

6. Modem welding processes permit leaky joints to be more easily repaired 
than in hollow concrete dams. 

2. Design. The theory for the design of steel dams is the same as has been 
described for hollow concrete dams in Chapter 14. There are two general types 
of gravity steel dams. 

^Numbeis in parentheses refer to BMography, Art. 11. 
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The direct strutted type, as shown diagrammatically in Fig. 1, is the simplest. 
It carries the load directly from the deck to the foundation through inclined 
struts. 

The cantilever type consists of variations of the direct strutted type, in which 
the section of the bent supporting the upper part of the deck is formed into a 




Fig. 2. Cantilever type. 



cantilever truss, as shown in Figs. 2 and 3. This type introduces a tensile force 
in the deck girders which must be taken care of. This may be done in three 
ways. 

1. The deck girder may be anchored into the foundation at the upstream toe. 

2. Hovey (5, p. 26) suggests that the tension at the upstream toe, and hence 
the necessary anchorage, may be reduced by flattening the slopes of the lower 
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struts in the bent as shown m Fig. 3. That is, as the water load normal to the 
deck girder is transferred to the flattened strut, a component stress is induced 
parallel to the deck girder w^hich will reduce the tension. This adds considerably 
to the expense, however, because the struts must be not only longer but also of a 
heavier section. 

3. The entire bent may be framed together rigidly so that the moment of the 
weight of the -water on the lower part of the deck may be utilized to offset the 
moment of the cantilever. Bainbridge says (6), however, that the cost of this 
bracing would be excessive. 

Bainbridge also states that there is little difference in cost between the direct 
strutted type of Fig. 1 and the cantilever type of Fig. 2. However, all three of 
the steel dams which have been constructed in this country and several which 
have been designed are of the cantilever type requiring anchorage at the up- 
stream toe. 

The cantilever type requires the least width of base. This was one of the 
considerations affecting the choice of that type for the Redridge Dam. The 
cantilever type having a vertical downstream face is more adaptable to spillway 
dams. However, it is not known whether or not this feature or the question of 
economy dictated the choice of the cantilever type for the Ash Fork Dam. The 
Hauser Lake Dam was of the cantilever type but also had an extensive apron to 
carry the overflow. Of course, where satisfactory anchorages are not obtainable, 
the direct strutted type must be used. 

No attempt -will be made in this book to design the steel members of the dam. 
For this, a standard -textbook on structural steel design should be consulted. 
For an example of a design of a 100-ft steel dam, reference may be made to a 
paper presented before the Western Society of Engineers by F. H. Bainbridge 
( 6 ). 

3. Slope of Face. As in the case of hollow concrete dams, the upstream face 
of a steel dam is built on a slope in order to take advantage of the weight of the 
wa-ter for stability, Hovey has shown (7) that a rigid complete right triangular 
frame si m ila r to the shape illustrated in Figs. 2b and 36 would be in exact equi- 
librium for rotation about the downstream toe if the face were inclined at an 
angle of 54° 44' with the horizontal, neglecting the weight of the structure itself. 
The Ash Fork and Redridge Dams, however, were both built with slopes of 45°. 
The Hauser Lake Dam was constructed with a 1 on slope. Bainbridge 
says (6) for economy the slope should never be flatter than 45°, since, as the angle 
decreases below 45° the weight of the face plates and deck girders is increasing 
faster than the cosecant of the an^e, and the weight of the supix)rting struts is 
also increasing. Hollow concre-te dam s are usually built -with approximately a 
45° slope. 

4. Face Plates, The deck is made up of cylindiicaJly curved plates, as illus- 
iarated in Fig. 4, placed concave to the water. These act practically as a sus- 
pension sys-fcon (7) and will be foxmd more efl&cient and economical than the use 

flat or buckle plates. These plates may be either riveted and caulked or 
w^ed to make a perfectly watertight face. 



FACE PLATES 
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To pro\'ide for a reasonable amount of corrosion of the surface without toe 
large a percentage reduction in thickness, a minimum thickness of plate of /§ m. 



is rtn mm nn practice in the design of steel pipes, where the conditions of use are 
similar to those in the face plates of a steel dam. A minimum thickness of ^ in. 
was adopted on the Ash Fork and Redridge Dams (6). 


Fia. 4. Details of steel dam at Ash Fork. Ariz. {From J, Western Soc. Engre.^ VoL X, 1905,) 
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The tension at the connection of the plates to the deck girders will be balanced 
throughout the dam except at the abutments. Here anchorage must be nro- 
\dded to prevent bending in the web of the last deck girder. 

Railway Trestle 



Section Near Center 

Fig. 5. Crosa-sectioii of Itedridge Steel Dam in Michigan. {From J, Western Soc. Engrs,^ 

Vol, X, 1906.) 

6. Deck Girders and Bents. The deck girders supporting the face plates are 
most economically designed as continuous beams (7) with struts spaced at in- 
creasing interval from toe to cr^t. These struts, together with the girders, are 
arranged in a series of bents. Bracing is provided between bents, which are 
grouped together as shown in Fig, 7. 

The spacing of the bents is a matter of economy. At Ash Fork and Redridge 
Dan^ the bents were placed 8 ft center to center. At Hauser Lake Dam a 10-ft 
spacing was used. 

6. Expansion and Contraction. The bays between bent groupings are left 
free of bracing to allow the curved plates to take up any lateral expansion or con- 
traction. It is essential to provide against any such movements at the abut- 



2L*5’'x3>5*'xV, 



Typical Section 

Fig. 6. Details of Hauser Lake Steel Dam. {From Eng, News, Vol, 58, p. 508,) 
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merits and foundation with good anchorage in order that these connections will 
not be loosened and cause leakage, 

7. Foundation. Good anchorage for taking up the tension in the deck girders 
of the cantilever t 5 ^e steel dam and for restraining temperature movements at 
the abutments and the foundation can be obtained by drilling into the rock and 
grouting anchor bars in place. Plain rods can be grouted in holes to develop 
their full strength. Tests in the field can be conducted to determine the proper 
details. 

The anchorages must engage a sufficient weight of the foundation to balance 
the existing tension with ample factor of safety. The estimated hydrostatic up- 
lift at the end of the anchors must be deducted to determine the effective weight 



Ash Fork Redridge 



Hauser Lake 

Fig. 7. Types of bracing. 

of the foundation for that purpose. Direct tension in the foundation should be 
neglected but each anchor can be assumed to engage a wedgeshaped portion of 
the foundation with central angle depending upon the nature of the rock. This 
is mainly a matter of judgment. Consolidation grouting, as explained in Art. 7 
of Chapter 3 at the top of the grouted cutoff, will materially improve anchoring 
in fissured foimdations. 

In the Redridge Dam, the steel stnxcture is anchored to a concrete base, thus 
stabilizing the entire structure. Steel sheet piling driven for a cutoff may 
provide suflScient anchor^e. This method was used for a section of the Hauser 
Lake Dam (3). 

_ It is essential to make all connections to the abufenents and foundations water- 
tight. If there is to be a concrete cutoff wall, the face plates should be buried in 
the concrete. On solid rock it is best to build a low concrete wall, well anchored 
to tbe rock, and embed the face plates in the concrete. The plates may also be 
welded to a steel sheet pfle cutoff. In order to make the connections at the foun- 
dation, the curyed face plates are replaced by flat steel plates. These are con- 
nected to the curved plates by means of a s^ent cut to fit and welded in pl ace . 
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The fiat plates may then be bent down into the concrete wall or against the steel 
sheet piling. 

The remainder of the foundation problem is no different from that described 
for concrete dams. However, in horizontally stratified rock, the horizontal 
shearing resistance should be assumed to be limited to the width of the base of the 
individual struts unless such bases are deeply embedded. 

There is, of course, no uplift on the bases of the struts. However, the problem 
of eliminating or balancing uplift on horizontally stratified planes below the base 
is no different from that for a solid concrete dam. (See Art. bh of Chapter 7 and 
Art. 17 of Chapter 3.) 

8. Diirability and Painting. The Ash Fork and Redridge Dams were bmlt in 
1898 and 1901, respectively. Up until 1935 the Ash Fork Dam had been re- 
painted on an average of each 7 to 9 yr and the Redridge Dam had been repainted 
only once (5). Both dams are claimed to be in excellent condition. It is evi- 
dent that there will be little question of the durabihty of the steel provided it is 
adequately protected by paint and that paint is properly maintained. It is 
entirely possible that, in the future, with the development of economical noncor- 
rosive steels, the need for vigilant maintenance of a protective coating of paint 
will be eliminated. 

9. Quantities and Costs. Bainbridge has computed that the quantities in 
steel dams average about 12,500 lb per linear ft of dam for a dam 100 ft high (6). 
He states that the Ash Fork Dam, 42 ft high, averaged about 2000 lb per linear ft 
of dam for face plates and deck girders and about 1500 lb per linear ft of dam for 
struts and bracing. 

Published estimates of steel dams indicate a lower cost than that of any type 
of concrete gravity dam for the same site (6, 7, 8). 

Estimates by Stanley (8) indicate that the higher the dam the greater the 
advantage of steel with respect to cost. This fact has also been noted (6, 7) by 
Bainbridge and Hovey. 

10. Steel Arch Dams. Arch dams composed of steel are feasible, but to the 
author's knowledge they have never been built. A dam of this type has been 
proposed by Stanley (8). 
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CHAPTER 22 


TIMBER DAMS 

1. Advantages of Timber Dams. Timber dams were formerly much used in 
this country, and are still built in sections where transportation is difficult and 
timber plentiful. Under such circumstances they are entitled to serious consid- 
eration as a competitor of the concrete dam. 

The life of a well-built timber dam has been variously estimated at 20 to 30 yr. 
However, in this case, as in many similar ones, it is difficult to estimate the life of 
a structure that is properly maintained. Dams reputed to be 80 to 100 yr of age 
have been cited; but, in such instances, probably a very small percentage of the 
original timber remained. 

The maintenance charges for timber dams are large, particularly at sites where 
large floods and ice runs are frequent. Leakage is frequently very great, and the 
leaks are often exceedingly difficult to repair if the dam is relatively high and if a 
drawdown of the pond for repairs seriously affects operation. The large main- 
tenance charges and leakage have created a prejudice against this type of dam. 
Hence, even in sections where virgin timber is plentiful, the use of timber dams 
today is rather the exception. 

However, timber dams are frequently built at considerably less first cost than 
concrete dams and are often adopted for this reason when money is scarce. As 
the maintenance and depreciation charges on concrete dams are practically 
negligible, the interest charges on a concrete dam, theoretically, must be less than 
the sum of the interest, maintenance, and depreciation charges on a timber dam 
to warrant the adoption of the former type. However, there are doubtless many 
instances in which a concrete dam has been constructed, although true economy 
would have dictated the selection of a timber structure. 

2. The A-Frame Type. In Fig, 1 is shown a type of timber dam known as the 
A-frame type. It is generally built of squared timbers and planks and is not 
rock-filled. For its stability it depends on the weight of water on its deck and 
the anchorage of the sills to the foundation. It is probably the ancestor of the 
reinforced, flat-deck, hollow type of concrete dam. The deck makes an angle of 
30® or less with the horizontal. 

The sills, a, are first fastened to the ledge rock by wedge bolts or anchor bolts, 
preferably grouted in. The struts, 6, are then framed to the sills and held in 
place by cross-bracing and batten blocks. The wales, c, are then placed, the 
entire structure being thoroughly drift-pinned together. These bents are placed 
from 6 to 12 ft apart, according to the height of the dam and the size of timbers 
used. Across the bents are placed the studs, d, to which the lagging, e, is nailed 
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The lagging should be either tongued and grooved or lapped and should not be 
less than 2-in. stuff. 

3. The Rock-Filled Crib Type. In this type of timber dam, cribs of round or 
squared timbers are drift-bolted together, filled with rock fragments or boulders, 
and topped by a plank deck. The timbers are usually spaced about 8 ft centers 



both ways. The bottom timbers of the cribs are often pinned to the rock foun- 
dation if the site is not submerged. Fig. 2 shows a typical dam of this kind; but 
many different forms have been adopted. 

For rock foundations, the shape of section indicated in Fig. 2 is frequently 
altered to resemble that of the A-frame type, in order to take advantage of the 



Fig. 2. Rock-fiUed timber-crib dam at Ocoee, Term. 

weight of the water on the sloping deck. This obviates the necessity of the rock 
fill for stability against overturning, but the close crib work provides for a more 
substantial body of the dam than that indicated in Fig. 1. As in the A-frame 
type, it will then be necessary to anchor the base to the rock to prevent sliding. 
For low da m s on soft foundations, where erosion from overflow would be serious, 
this ^tion is usually reversed, having a nearly vertical upstream face and a long, 
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sloping downstream face, frequently stepped, in order to drop the water without 
great disturbance. Between these extremes many shapes of section have been 
adopted, some ha\’ing both upstream and downstream faces sloping or stepped 
as in Fig. 4. 

4. The Beaver Type. Another type of timber dam, w'hich is used infrequently 
and only for low heads, is the beaver-type dam. Round timbers are used for the 
bents as in Fig. 3. The upstream slope of such a dam should not be steeper than 



Fig. 3. Beaver type of timber dam. 


1 on 2. The butts of the timbers all point downstream. Between the butts are 
placed spacer logs, which are drift-pinned to the other logs. Also, the tips of the 
timbers pointing upstream are drift-pinned together and the bottom timbers are 
fastened to the foundation with anchor bolts, if possible. There is usually a 
planV deck. Sometimes a mat of brush or the branches of the trees are used to 
take the place of the plank deck. 

6. Stability of Timber Dams. The theory of design of masonry dams, given m 
Chapters 7 and 8, is also applicable to all types of timber dams. While uplift is 
not present in any type of timber dam, the submerged weight should be used 
below the elevation of tailwater. The effective weight of submerged rock fill is 

w,= (.w- 62.5) (1 - p) [1] 

where w is the weight of 1 cu ft of solid stone in air and p is the percentage of voids 
in the fill. It must be remembered that the percentage of voids in the stone fill, 
in the small spaces between the layers of timber in the crib work, may ^ very 
large, depending upon the care with which the fill is placed and the relative size 
of the timbers and the large stones. The buoyancy of the timber depends, of 
course, on the kind of timber used. Frequently as much as 25 per cent of the 
entire volume of a rock-filled crib dam is composed of timber. 

On account of the relative lightness of timber dams, the dimensions necessary 
to prevent sliding are almost always sufficient to prevent overturning. For sta- 
bility against sliding, the effective weight of a rock-filled cnb dam on a rock 
foundation, including the vertical water pressure on the upstream face, ranges 
from 2.5 the horizontal pressure of the water, for unimportant, temporary 
structures on rough foundations, to 4 times the horizontal pressure, for important 

dams on smooth foundations. , . 

The stability of A-frame and beaver dams, which have no rock fiU to prevent 
sliding, depends almost entirely upon the strength of the pins which fasten the 
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dams to rock foundations, unless the foundation is so rough as to permit a 
horizontal support for the bottom timbers. Friction of wet timber on stone is 
very small. 

The factors of safety to prevent sliding of timber dams on earth foundations 
follow closely those recommended for masonry dams on earth. 

The timbers of the dam should be investigated for strength to transmit the 
loads to the foundations. In rock-filled dams, much of the load is transmitted 
through the rock fill, thus relieving the stress on the lower timbers. 

6. Tightening the Foundation. If the dam rests on a rock foundation, the 
lagging at the upstream toe should be framed as closely as possible to the rock 
and the junction properly sealed. In some cases the rock is carefully cleaned 
and a layer of concrete deposited against the toe, as indicated in Fig. 1. In other 
instances, a fill of impervious earth is deposited against the upstream face of the 
dam, provided the velocity during floods is not sufficient to disturb it. Low 
dams on silt-laden streams may have a tight layer of sediment deposited against 
them during the first freshet. 

Timber dams on earth foundations, without adequate sheet piling at the up- 
stream toe, are precarious, even though an impervious fill is placed above the 
dam. Great care should be exercised to obtain a tight bond between the top of 
the piling and the lagging of the deck, and a splice plate of steel thoroughly fas- 
tened by lag screws is advisable, as a slight movement of the dam is likely to 
loosen the junction. It is also advisable, where sheet piling is used, to provide a 
vertical upstream face at least 4 or 5 ft high and allow the sheet piling to lap this 
face completely, in order to afford better opportunity for fastening it to the dam. 
This arrangement is shown in Fig. 4. 

For further general information on foundation treatment refer to Chapter 3. 

7. Protection Against Erosion. Spillway dams must be protected against 
erosion from the overflow, if the foundations are soft. This is usually accom- 
plished by sloping or stepping the downstream face, as- indicated in Fig. 4, and 
providing an apron to protect the foundations. The apron should be a low rock- 
filled crib with sufficient rock above the bottom timbers to prevent flotation; or, 
the apron may be anchored to round piling. A row of short piling and a fill of 
large rock fragments protect the lower end of the apron from being undermined, 
as shown in Fig. 4. (See also Chapter 3.) 

8. Choice of Type. The beaver type of timber dam is the lowest in cost if 
plenty of timber is available. With more expensive timber, the A-frame type is 
usually the cheapest. Brush-topped beaver dams are seldom used for per- 
manent structures. 

The advantage of the beaver and A-frame types over the rock-filled type is 
found in their smaller first cost and lower maintenance charges. Rock-filled 
dams are hard to repair, as the timbers, being buried in the M, are difficult to 
replace. The greatest objection to the A-frame type is its danger of failure when 
neglected. The rock-filled dam is in a large measure supported by the fill and 
will stand some time after the timbers have become materially decayed. 
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In the usually remote contingency of nearly complete submergence, which 
results in negligible head on the crest, the beaver and A-frame dams are likely 
to float. Neither of these types is easily constructed in deep water, while crib 
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dams can be partly constructed on land, floated into place, and sunk by filling 
with stone. 

The A-frame type is not particularly suited to earth foundations requiring 
sheet piling, as the desirability of a vertical upstream face for lappmg the sheet 
pilmg, as previously described, reduces to a considerable degree the length of the 
sloping deck, on which the vertical water pressure is necessary for the stability 
of the dam. 

9. of Timber Dams. Rock-filled timber dams have been con- 

structed successfully to a height of about 70 ft; but very few dams of this type 
are higher than 20 ft. The beaver type is limited by the length of the trees avail- 
able. A-frame dams higher than 20 ft are seldom encountered. 
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1. Construction Joints. Construction joints in concrete dams are required to 
prevent haphazard cracking, which may prove unsightly and even dangerous. 
The best preventive for such cracking is a strict adherence to modern methods of 
control of temperatures of the concrete while setting and curing. This feature 
is outlined in Art. 14 of Chapter 15. However, the art of placing concrete has 
not been perfected to the ejrtent that construction joints can be ftliminatprl 
entirely. 

Construction joints may be divided into three classes: (o) Horizontal joints, 
(6) transverse jomts, and (c) longitudinal joints. 

HORIZOHTAL JOmTS 

The height of horizontal joints or “construction lifts” is liinitfid to the neces- 
sity of providing sufficient cooling between pours, smce shrinkage due to tem- 
perature changes tends to form cracks. 

For Mlid gravity dams, lifts of about 5 ft, with half that amount for the layer 
immediately on the rock, have become popular. Lifts of 10 or 15 ft for hollow 
and thin arch dams are permissible, dependmg upon tbic lrnps g 

Modem methods for placing concrete and the treating of the top surface of 
each lift More the next lift is poured obviate the necessity of sloping the surfaces 
or providing keyways in solid gravity dams. However, for the thin, more highly 
stressed buttresses of hollow dams, sloping joints as shown in Pig. 1 for the 
Pensacola Dam or keyways as shown in Fig. 2 for the Possum Dam 

have been used. 

Modern treatment of the surface and good concrete create amply tight hori- 
zontal joints, and no provisions to insure watertightness, such as water stops, 
keyways, or other devices, are necessary even in thin arches or decks of hollow 
dams. 

TRANSVERSE JOINTS 

Transverse joints, i.e., joints normal to the axis of the dam, are necessary m 
order to prevent haphazard transverse cracks due to contraction of the concrete. 
In solid dams, such cracks are objectionable mainly from the standpoint of ap- 
p^rance. In arch dams, such cracking is objectionable on the ground of both 
leak^ and danger, since the cracks, if allowed to occur, might not be nnrmal 
to the hne of stress when the dam becomes loaded. In hoUow dams, joints 
between the buttresses and the deck are a construction necessity. 

848 
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A study by BjTam W. Steele » of the relation between cracking and Muencing 
factors, including transverse joint spacing in 78 concrete dams, led him to the 
conclusion that, although the proper spacing of such joints depends upon a num- 
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Fig. 1. Pensacola Dam, featuring inclined construction joints. (J/. G. Fuller, in Eng 
News-Record, Feb. 1, 1940, p. 4^.) 


her of governing conditions, there does not appear in available literature an 
acceptable set of rules governing this feature. He finds that, at present, a spacing 
of about 50 ft is common practice, such joints of course extending entirely 

1 ‘^Construction Joints,” Proc. Am. Soc. Civil Engrs., May 1940, p. 908. 
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through the structure. The joint spacing in the higher dams of this country in- 
vestigated by Steele is shown in Table 1. 


TABLE 1 

Spacing of Joints in American Solid Concrete Dams OvtR 200 Feet High 


Spacing in Feet 


Dam 

Height 

Transverse 

Langitudinal 

Arro^Tock 

351 

25, 50, 150 * 

None 

Ashokan 

252 

84, 168 * 

None 

Boulder 

726 

25 to 66 t 

30 to 50 t 

Bull Run 

200 

40 

None 

Conchas 

235 

40 to 50 

30tn50 

Don Pedro 

288 

32.5, 65, 130 * 

None 

Elephant Butte 

306 

50, 100 * 

None 

Exchequer 

330 

25, 50, 75 

None 

Friant 

300 

50 

None 

Gibson 

205 

30, 60 * 

None 

Grand Coulee 

540 

50 

50 

Hiwassee 

307 

38 to 50 t 

None 

Kensico 

307 

73.5 to 79 

None 

Madden 

223 

56 

None 

Marshall Ford 

265 

52 

42 

Melones 

210 


None 

Morris 

328 

50 

None 

Narrows 

216 

50 

None 

New Croton 

297 

None 

None 

Norris 

265 

56 

None 

O’Shaughnessy 

344 

97, 48.5 * 

None 

Owyhee 

405 

50 

None 

Pardee 

358 

37.5, 75, 150 * 

None 

Seminoe 

290 

50 

None 

Shasta 

560 

50 

50 

Shoshone 

238 

None 

None 

Tygart 

240 

52,60 

None 

Waterville 

200 

50 

None 


* Closest at top of dam. 

t Arched dam — smaller spacing at downstream toe. 

1 38 ft in the 260-ft length of spillway. 

Although no precedent has been established, it would seem that the spacing of 
transverse joints in arch and solid gravity dams should not exceed the height of 
the dam, with 50 ft as the maximum. 

Dams covering faults are subject to bad cracking, should such faults become 
active in the slightest degree. This feature of course demands special consider- 
ation such as that used for the Morris Dam in California.^ 

* Eng, News-Recordy December 27, 1934, p. 825. 
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In order to insure intimate contact for the transmittal of stress, transverse 
joints in arch dams must be consolidated either by grouting or by leaving a slot 
to be filled later after the monoliths have ceased shrinking. 

The necessity for grouting transverse joints in solid gravity dams is distinctly 
open to question and is not always done. 

Keyways of various tjrpes have been used in transverse joints of solid gravity 
dams. A t 3 rpical example is indicated in Fig. 3. For low dams on earth where 
unequal settlement might rupture the transverse joint water stops, substantial 



Fig. 3. Keyways used for transverse joints. 


keyways have been used, but for dams on rock and particularly when high enough 
to provide heavy compressive stresses, it is essential that each monolith should 
be capable of functioning independently and any ties between monoliths, such as 
keyways, tend to prevent this. 

There is no necessity for the application of any type of bituminous treatment 
of transverse joints, and few modem dams are thus treated. 

Many low dams have been built with no water stops in the transverse joints to 
prevent leakage. Since the gradient and therefore the discharge per foot of 
height of dam is theoretically the same for high as for low dams, the necessity for 
water stops or any other provision for reducing transverse joint leakage is not 
particulajly apparent. 

However, most large modem dams are provided with such water stops unless 
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the joint is grouted, in which case, water stops or rather *'grout stops” of a less 
permanent nature must be used to retain the grout. 

The exceptions are in dams on earth, where leakage through the joint may 
endanger the stability of the foundation, or in dams where a good appearance of 
the downstream face must be preserved. 

ater stops, drainage, and other pro\'isions for preventing leakage through 
transverse joints are designed to no particular standard. They vary from the 



use of a simple copper water stop to the provisions for water stops combined 
with wells to be filled vrith asphalt or other plastic material. 

A typical arrangement is shown in Fig. 4, used by the U. S. Army Engineers 
in the construction of the Loyalhanna, Pa., Dam, in which are pro\dded two 
ordmary copper water stops near the 
upstream side of the joint which confine 
an 8-in. drainage well. If desired, the 
drainage well can be filled later with 
melted asphalt or grouted. 

Water stops of this type can be used 
only for structures on foundations which 
are not expected to yield appreciably, as 
otherwise they will break. A yielding 
type made of rubber,® shown in Fig. 5, 
has been used for a number of dams. 

Actual displacements of 2 in. have been observed at the seals of the Imperial 
Dam without noticeable leakage. In locations which are always wet and dark 
such rubber seals are believed to be permanent. Under other conditions they 
should never be used. 

3 C. P. Vetter, “Rubber Waterstops for Dams,” Eng. News-Record, February 1, 1940 
p. 47. 
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As it is required that the United States Fish and Wildlife Service approve 
facilities for fish protection on all Federally built damSy and the fishery depart- 
ments of many states have similar requirements respecting private enterprises, 





Plan 

SKETCH C- SLUICE TYPE OF LADDER. 


Fig. 15. Diagrammatic sketches of tj’pes of fish ladders. 


these departments should be consulted at an early stage in the design of a dam. 
Suggestions and standards are always available. For this reason only general 
types vdll be described here. 

In the design of fish ladders most commonly used, which is shown in sketch A 
of Fig. 15, the baffles are in the form of complete cross walls, or weirs, that divide 
the passage into a succession of rectangular pools. The water passes from one 





864 


DETAILS AND ACCESSORIES 


[Chap. 23 


pool to the next by flowing over these weirs. There is a difference of opinion 
among the fishery experts as to whether the weirs should have full length level 
crests or should have a rectangular notch, 6 in. to a foot deep, extending one- 
third to one-half the way across the passage. Among those who prefer the notch 
there again is a difference of opinion as to whether the notches in successive weirs 
should be in line down the center of the structure or staggered at opposite ends 
of successive weirs. 

The dimensions of a fish ladder of this type should be influenced by operating 
conditions, such as the size of the stream, height of the dam, location and nature 
of fishway entrance in relation to other parts of the structure, size of fish, and the 
magnitude of the run. At the Bonneville Bam on the Columbia River, where all 
conditions indicated the necessity of large fishways, the fish ladders were made 
40 ft wide, with baffles spaced 16 ft apart, and with water in the pools 6 ft deep. 
On smaller streams, fish ladders as small as 6 ft in width, with baffles 4 ft apart 
and a water depth of 3 ft are giving satisfactory service. Even smaller pools are 
satisfactory for the use of small fish at low dams, but the 6- by 4- by 3-ft pool is 
considered to be the minimum for salmon and other large fish. 

It is a common layman’s belief that some species, such as salmon, prefer to 
jump, but experience in fishway operation has shown that all species resort to 
jumping only when their passage by swimming appears to be blocked. The 
height to which a fish can jump depends to a great extent upon its ability to gain 
momentum before leaving the water. The confined space in the pools of a fish 
ladder offers little opportunity for gaining momentum for jumping from one pool 
to the next. Jumping in a ladder is considered objectionable, for the reason 
that a large proportion of the jumps are poorly directed, with the result that fish 
frequently strike the side walls or jump clear out of the ladder. It therefore is 
preferred that the difference in elevation between successive pools of the ladder 
and the depth of water flowing over the weirs be such that the fish are induced to 
swim rather than jump from one pool to the next. This condition usually is ful- 
filled if the depth of water flowing over the weirs is equal to the difference in ele- 
vation between successive pools. 

Owing to the necessity of dissipating the velocity in each pool of the ladder, the 
quantity of water that can be allowed to flow through it and, accordingly, the dif- 
ference in elevation between successive pools, are limited. A difference of 1 ft in 
elevation between pools is most commonly recommended; 15 in. is stated to be 
the preferred maximum for small ladders. Differences as great as 2 to ft 
have proved satisfactory where the ladder consists of only a few steps and the 
pools are adequately large and deep. 

Many other arrangements of baffles have been proposed and used. Sketch B 
of Fig, 15 is the rapids type, in which the baffles are shorter than the width of the 
trough, leaving openings at the end through which the water passes. The open- 
ings are staggered, as shown, so that the water takes a circuitous path, in order to 
kill as much velocity as possible. 

In the British Isles the preference is for complete partitions between pools, 
with submerged orifices for the passage of water and &h, as shown in sketch C 
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of Fig. 15. One of the principal advantages claimed for this type is that it 
minimizes the entrapping of air bubbles in the water. This design also assures a 
route by which the fish can swim from one pool to the next. It has the further 
advantage of maintaining a uniform flow with fluctuations in headwater level. 

Another arrangement of baffles, known as the “Denil” design, has been used 
successfully in Europe. In this design closely spaced baffles placed along the 
sides and bottom of the passage are shaped to form curved pockets. A part of 
the w’ater flowing down the central, unobstructed portion of the passage enters 
these pockets and is directed abruptly backward into the central area, where it 


fiizter /' oysr this baffk 



Fig. 16. View of reinforced concrete fish chute. Reinforcing not shown. Biote of 
Michigan^ Department of ConservcUion, Make openings through baffles increase in 
area uniformly between the lowest and highest opening. 


impinges against the main body of -water, thereby checking its velocity. This 
arrangement has been foimd to be an unusually efficient energy dissipator. A 
fishway of this design accordingly can have a much steeper slope than the pool 
type ladder without developing excessive water velocity. It is claimed that this 
design also is less affected by fluctuations in headwater elevation. The Denil 
type of fishway has not been used in America, but experiments recently con- 
ducted at the Iowa Institute of Hydraulic Research ® have sho-wn pleasing results 
for this type in comparison with others tested. 

In contrast to fish ladders, in which the fish climb from the lower to the higher 
pool level by their owm efforts, many mechanical devices have been proposed and 
used for lifting fish over obstructions. One of the most successful of these is the 
fiish lock, which incorporates the essential features of a navigation lock. That is, 
it consists of a lock chamber, a gate-controlled entrance by which the fish en-ter 
the chamber at the lower level, a similar means of permitting the fish to leave the 
chamber at the higher level, and a system of valves for alternately filling and 
draining the chamber. A simple device of this kind, known as the “Barr” fish 

® See A. M, McLeod and Paul Nemenyi, “An Investigation of Fishways,” and Paul 
Nbmenti, “An Annotated Bibliography of Fishways,” University of Iowa Studies in 
Eng. Bulls. 24 and 23, respectively, 1941. 
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lock, has been successfully applied in a number of places in the Middle West. 
Fish locks of more elaborate design were included in the extensive system of 
fishways built at the Bonne\dlle Dam in the Columbia River and have been found 
to function satisfactorily. At the Concrete Dam on the Baker River, in Wash- 
ington, fish are being lifted successfully over the dam in a tank of water. 



One of the most important features in the design of any fishway is the nature 
and position of its entrance, whether it be a fish ladder, fish locks, or a mechanical 
device. The designer should keep in mind the fact that the fish, in their efforts 
to proceed upstream, will follow the prevailing flow below the dam. In finding 



Pig. 18. Log sluice for Williams Station, Central Maine Power Co. 


their further progress blocked by the dam, they will seek a route of passage, where 
the principal flow seems to give greatest promise of success. The entrance to a 
fishway therefore must be placed near the base of the obstruction, where it can 
compete most favorably with the impassable flow in attracting the fish. Each 
dam presents its individual problems in this regard. The selection of the site 
for the fishway must be based upon a careful study of flow conditions. The high 
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velocities below a spillway frequently present a barrier that forces the fish toward 
the two shore lines. The reluctance of the fish to cross such a barrier usually 
makes it necessary to provide fishways at each end of the dam. 

4. Log Chutes. Log chutes may be required by law in places where there are 
logging operations on the stream. A typical chute is shown in Fig, 17. It con- 
sists of a depression in the crest of the dam, having a bottom elevation 2 to 4 ft 
below low-water surface and provided with a control through which the water 
passes to a smooth inclined flume. The logs may then pass down this flume to 
the lower pool. The gradual incline is necessary to prevent the logs from im- 



Section Through Logway 

Fig. 20. Log chute at Aziscohos Dam. {Eng. News, Vol. 65, No. 10, p. 290.) 


pinging at high velocity directly on the foundation of a shallow lower pool, with 
danger of their being split. The inclination of the chute varies greatly with local 
conditions. 

The control, which regulates the flow through the chute, is usually of a type 
that lowers when more water is required. Drum gates, bear-trap dams, and 
stop logs, all described hereinafter, are frequently used for this purpose. 

The chute should be made as narrow as possible in order to provide the re- 
quired depth for passing logs with a minimum discharge. The depth of the 
water passing the control can be regulated by the operator; but the width is usu- 
ally not adjustable. The width required depends, of course, upon the size of 
the logs and the rate at which they must pass the dam. While some log chutes 
have be^ provided to pass only one log at a time, chutes 30 ft wide have also 
been built for enormous logging operations. 

Ihe discharge required to drive logs is sometimes a serious drain on the flow 
available for other uses, principally for those streams which are almost completely 
regulated. The discharge necessary to float the logs past rapids in the river may 
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be far in excess of that required to get them by the dam. In such cases the chute 
must have sufficient capacity for that purpose, unless other means are provided 

to draw water from the pond. 

Timber booms are necessarx’' to guide the logs head on toward the entrance of 
the chute. For large fluctuations of headwater surface, very elaborate controls 
are necessary. For some such cases, the chute is pivoted at the lower end, and 
the upper end is raised and lowered according to the elevation of the water surface 
in the pool. 

Fig. 18 shows a log chute designed for a fluctuation of 8.5 ft in headwater. 
The chute is floated by means of air tanks, which are depressed to the amount 
necessar}^ by pulling on the anchor chain with the 15 ton hoist. It is 15 ft wide 
at the upstream extremity and 6 ft at the entrance to the sluice proper. 

Fig. 19 shows a log chute designed for a fluctuation of 16.5 ft. The chute is 
placed on the upper member of a tainter gate, which is lowered as the pond is 
drawn down. The chute is 6 ft wide. Above the chute is a floating apron 
w^hich flares from 6 to 20 ft in width. 

The largest chute, to the author’s knowledge, is that built for the Aziscohos 
Dam,® to acommodate a fluctuation of 25 ft. This chute is shown in Fig. 20. 
Its operation is apparent. It has a 7-ft chute with a 24-ft entrance mouth. 

® Eng, News, Vol. 65, No. 10, p. 2S9. 
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HEADWATER CONTROL 

Revised by Chas. M. Wellons ^ 

1. Spillways and Sluices, In any dam that serves to impound the runoff from 
rainfall, some means must be provided to pass that part of the inflow to the reser- 
voir that cannot be stored or used immediately. Spillways and sluices are 
commonly used for this purpose. A spillway is a surface over which water from 
the surface of the reservoir falls to the tailwater level. A sluice is a passage 
through the dam by which water may be drawn from a deeper level of the reser- 
voir space. Spillways are ordinarily designed to accommodate large volumes of 
flow. Sluices are ordinarily designed to pass relatively small volumes in order to 
draw the surface of the reserv'oir below the spillway crest level or to maintain a 
closely regulated outflow. Various considerations of design, operation, mainte- 
nance, and economy have given rise to numerous de\dces for use in the control of 
the discharge over spillways or through sluices. 

It is impossible to describe within a limited space aU the many devices that are 
used for the control of spillways and sluices or to define all the circumstances that 
affect their selection or operation. Practically all of these devices fall under or 
are related to the classifications given in the followmg text. Certain types of 
devices have been developed to meet particular circumstances or requirements. 
In the usual case, the choice between two or more types of control is likely to 
be based upon rather fine distinctions between their relative merits or upon per- 
sonal preference. In general the success of the installation depends more on the 
design of details than on the type of control. 

2, Spillway ControL In the simplest form of spillway, the discharge is regu- 
lated only by the amount of rise of the reservoir surface above the level of the 
crest of the spillway. If the crest is long enough relative to the required dis- 
charge capacity, the rise required may be unimportant. If, however, the length 
of the crest is limited, its level must be lowered so that the maximum expected 
flood can be discharged over the crest without the surface of the reservoir rising 
to where it will encroach upon properties or rights of others or exceed other pre- 
scribed limits. 

The space between the level of the crest and the level of the maximum ex- 
pected flood usually represents storage and head that can be used profitably. 
The main structure of the dam must be built to retain the reservoir at the higher 
level, and ownership of the land inundated or rights to flood it must be obtained. 
Use of the space above the crest therefore can be obtained usually at relatively 

^ Formerly Principal Engineer, U. S. Engineer Office, Pittsburgh, Pa. 
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small additional cost by the addition of suitable means for regulating the dis- 
charge over the spillway crest. , 

3, Spillway Control Devices. The usual devices or control of spillway dis- 
charge may be classified as follows: 

1. Crest control: 

a. Temporarj" flashboards. 

b. Pennanent flashboards. 

c. Drum gates. 

d. Bear-trap dams. 

e. Tilting gates. 

2. Crest gates: 

а. Plain sliding gates. 

б. RoUer-bearing gates. 

c. Fixed-roller gates. 

d. Truck-mounted gates. 

e. Taintor gates. 

/. Rolling gates. 

g. Stop logs and needles. 

3. Siphon spillways. 

As mentioned before, it is impossible to state all the factors tha.t should be con- 
sidered in selecting the type of control for a particular installation^ usual 
considerations are: the accuracy of regulation of the reservoir level required the 
importance of the loss of water through leakage and operation, climatic condi- 
tions, the passage of ice and large drift during floods, the fnuineiK^y speed of 
operation required, the depth of the controlled pond and the nuixiiuum 
above the crest, and the proportions of the controlled opfiiiings. These factors 
must be considered in connection with the cost of the opfjrahlc ** installation, to- 
gether with its related masonry and mechanical features and tlic‘ <H)st of attend- 
ance, operation, and maintenance. 
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small additional cost by the addition of suitable means for regulating the dis- 
charge over the spillway crest. 

3. Spillway Control Devices. The usual devices for control of spillway dis- 
charge may be classified as follows: 


1. Crest control: 

a. Temporaiy^ dashboards. 

b. Permanent flashboards. 

c. Drum gates. 

d. Bear-trap dams. 

e. Tilting gates. 

2. Crest gates: 

a. Plain sliding gates. 

b. Roller-bearing gates. 

c. Fixed-roller gates. 

d. Truck-mounted gates. 

e. Taintor gates. 

/. Rolling gates. 

g. Stop logs and needles. 

3. Siphon spillways. 


As mentioned before, it is impossible to state all the factors that should be con- 
sidered in selecting the type of control for a particular installation. The usual 
considerations are: the accuracy of regulation of the reservoir level required, the 
importance of the loss of water through leakage and operation, climatic condi- 
tions, the passage of ice and large drift during floods, the frequency and speed of 
operation required, the depth of the controlled pond and the maximum flood level 
above the crest, and the proportions of the controlled openings. These factors 
must be considered in connection with the cost of the operable installation, to- 
gether with its related masonry and mechanical features and the cost of attend- 
ance, operation, and maintenance. 

4. Crest Control. The term “crest controF^ is used to include those types of 
controlling devices which raise or lower the effective crest level, thus regulating 
the volume of flow over their top surfaces or edges. These devices generally 
make use of the headwater pressure to raise or lower the damming structure and 
utilize relatively small differences in elevation of headwater to automatically 
regulate discharge. 

(a) Temporary flashboards. Flashboards consist of a series of vertical boards 
or panels placed on the crest of the dam for the purpose of raising the pond level. 
Fig. 1 shows a typical system of temporary flashboards, consisting of a series of 
panels supported by pins or pipes which are inserted loosely into sockets set in 
the masonry crest of the dam. The pins or pipes are designed to bend over and 
release the flashboards when the water surface in the pond reaches a certain ele- 
vation above the top of the flashboards, thus automatically lowering the crest to 
pass excessive floods. In this country this is the most common of all devices 
designed to control the elevation of flood-water surface. The boards or panels 
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are fastened loosely to the supports and are lost when the supports bend over, 
unless removed before anticipated high water. 

In order to facilitate the handling of a barge for removing and restoring the 
dashboards, it may sometimes be found desirable to provide, at intervals, sockets 
into which mooring pins may be set, as indicated in Fig. 1. Cableways may also 
be used as an anchorage for this barge. The boards and supports are sometimes 
manipulated from an overhead trolley or bridge on the crest of the dam. 

Where it is possible to remove the dashboards in advance of doods, they are 
usually built in panels, as indicated, and provided with handles. For the type 
shown, handles are not permissible if considerable drift is anticipated, as this may 



Fig. 1. Typical fiashboard installations. 


collect and cause premature failure. The boards usually have unplaned edgeS) 
and ashes or gimilgr caulking materials are used to make them tight. 

Fiashboard pins are expected to carry a certain predetermined load and to 
fail when that load is exceeded. In commercial rolled steel bars, the elastic 
limit, ultimate strength, and behavior when the elastic limit is exceeded are quite 
variable, and the load under which failure will occur cannot be determined with 
any degree of exactness. A closer limitation of the range of load under which 
failure will occur is obtained by turning a circumferential notch at a point that 
will come immediately above the socket. Pins made of standard weight steel 
pipe will fail abruptly when overloaded and are therefore preferable to solid bars. 

In some cases, the pipes are notched in order that they will snap off and pass 
with the flood, leaving the crest entirely unobstructed. However, this is not 
considered essential. 

Some means is needed to hold the flashboards on the pins imtil they are loaded 
by the water pressure. This is usually done simply by nails driven into the 
boards and bent around the pins. 

Tests on different sizes of galvanized steel and wrought iron pipe made by the 
Bureau of Standards in cooperation with the U. S. Forest Service ^ indicate that 

* C. A. Bsstts, ^‘Coiitrolling Fiashboard Drop by Collapsing Pipe Supports#” JSng, 
Netca-Recordy April 30, 1936, p. 627. 
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the average stress ® at failure was between 67,000 and 81,000 lb per sq in. with an 
average of about 75,000 lb p>er sq in. The greater strengths were found for the 
smaller pipe. 

Table 1 shows stresses calculated from observed loadings on dashboard pins in 
actual ser\’ice. In these cases, there was an undetermined amount of vacuum on 
the downstream side of the boards. The effect of this vacuum upon the loading 
was not included in the calculations. This accoimts for the relatively low 
stresses indicated. In actual installation, considerable load that cannot be 
predicted with certainty acts on the pins because of the vacuum which usually 
occurs under the jet of the spilling water. 


TABLE 1 

Stresses in Pins 
at Failure Neglecting Vacuum 
Location of Tests (lb per sq in.) 


1. 

Sewalls Island 

52,000 

2. 

it 11 

43,000 

3. 

u u 

51,000 

4. 

it u 

56,000 

5. 

it it 

53,000 

6. 

it it 

52,000 

7. 

it it 

42,000 

8. 

it it 

43,000 

9. 

« u 

41,000 

10. 

a a 

58,000 

11. 

it it 

49,000 

12. 

a it 

48,000 

13. 

a it 

51,000 

14. 

Connecticut River 

55,000 

15. 

Bonny Eagle 

51,000 

16. 

Ocoee No. 1 

52,000 

17. 

Mahoney 

57,000 


It is recommended that dashboard pins be designed for an initial stress of 
about 20,000 lb per sq in. with the water surface at the level of the top of the 
dashboards where they are subject to the pressure of waves and debris and ice, 
and therefore liable to premature failure. However, if they are well protected, 
the use of an initial stress of 30,000 lb per sq in. would be permissible. 

Failiu-e will occiu when the dual stress due to rise of water surface and vacuum 
under the jet becomes about 75,000 lb per sq in. The amount of vacuum is inde- 
terminate, but Table 1, which was compiled from data on dashboards between 
2 and 4 ft high, with 1 to 2.5 ft of water passing over them at failure, indicates 
that a design based on a stress of 50,000 lb per sq in. at failure would approxi- 
mately take care of the force of vacuum if it is n^lected in the calculations. 

For an example, let us assume that it is possible to raise the water surface 
during doods to an elevation 100.0, a higher elevation of water surface dooding 
lands not owned. 


® Based on Straight-line formula. 
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Assume that a 6.5-ft depth is required to pass the maximum flood over the 
spillway after the dashboards have failed. Then the permanent spillway crest 
would be placed at elevation 93.5. 

With these data, it is desired to design dashboards which will fulfill the fol- 
lowing conditions: (1) they must be as high as possible in order to provide the 
highest elevation of normal water surface, (2) they must fail before the water 
surface rises above elevation 100.0, or 6.5 ft above the permanent dam crest, 

(3) they must not fail so frequently under medium floods as to be uneconomical, 

(4) they must be reasonably safe from premature failure under impact of waves 
and debris. 

Assuming that the dashboards are fairly well protected from the forces of 
waves and debris, an initial stress of 25,000 lb per sq in. is permissible. 

Adopt, tentatively, a 3.9-ft height of dashboards, leaving a margin above 
them of 6.5 minus 3.9, or 2.6 ft. In Fig. 2, at the left-hand margin, find H — 3.9 
ft. Trace horizontally to intersect h = 0.0 ft, corresponding to water surface 
at the crest of the boards, thence vertically to intersect the initial stress K, of 
25,000 lb per sq in., thence horizontally to intersect the desired spacing of pins, 
say d = 3.5 ft, thence vertically to the lower margin and find a required section 
modulus of 1.1 and a standard 2}^m, pipe pin. 

Reversing this procedure, we find that for S = 1.1, a spacing of 3.5 ft and a 
final stress K of 75,000 lb per sq in., the water surface would be A = 2.6 ft 
above the top of the H = 3.9 ft dashboards when failure occurs, ot aA H + k 
== 3.9 + 2.6 = 6.5 ft, which is desired, and our tentatively adopted height of 
boards is correct. 

The foregoing is on the assumption of no vacuum under the jet. It has been 
pre\dously shown that the effect of a vacuum may reduce the indicated final stress 
to 50,000 lb per sq in. 

Therefore, repeating the procedure for a final stress of 50,000 lb per sq in., we 
find that failure may occur at a head, h, on the dashboards of 1.3 ft. 

With this design, we are reasonably sure that failure will occur with between 
1.3 and 2.6 ft above the dashboards, with the probable value closer to 1.3 ft. 

If it is felt that a flow corresponding to 1.3 ft over the boards will occur so 
frequently as to make the failure of the dashboards a nuisance, or too great an 
expense, then the only alternative is to reduce the height of the boards and also 
the initial stress in the pins. 

For instance, the use of a 8-ft height of dashboards of the same size but with a 
5-ft spacing and with an initial stress of 16,000 lb per sq in. instead of 25,000 
would result in their going out with between 2 and 3,5 ft over them. Thus, 
the elevation 100.0 will not be exceeded in the event that the vacuum load is not 
created, and the head, A, at probable failure has been increased from 1.3 to 2.0 ft 
with greater flood-carrying capacity before dashboard failure, but at the sacrifice 
of a lowering of the normal water surface 3.9 minus 3.0, or 0.9 ft. 

The foregoing theory applies to standard dam crests. Unpublished experi- 
ments by Hibbert Hill have shown that, in the case of flat-crested weirs, the 
deflection of the impinging jet on the horizontal surface at the elevation of the 
base the flashboards will set up a dynamic reaction which will raise the water 
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Diameter in Inches 

Fig. 2, Flashboard pins, diagram showing section modulus and size. 
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surface under the jet and materially reduce the calculated moment on the pins, 
as shown in Fig. 3, for values h/H greater than about 

In some cases, the panels have been arranged as shown in Fig. 4. When the 
support, Aj is removed, the panels revolve progressively around the pins until all 
the panels are either swept away or left hanging to the pins as shown by the 
dotted lines. This scheme leaves the pins in place and they can be used over 
again. However, if the river is subjected to a considerable run of debris during 
floods, enough of this may accumulate on the pins after the panels have gone to 
obstruct the crest without bending the pins, thereby causing higher water during 
floods than has been anticipated. 

Temporary dashboards are always advantageous to increase the head for 
power at any dam not otherwise equipped with crest control, provided that the 
pond does not lap the development next above. Pipe sockets should be provided 





<T\ 


Upstream Side 


\ 


Fig. 3. Effect of vacuum behind flashboards. 
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Fig. 4. Plan of flashboards designed for 
progressive failure. 


in all crests of such installations, whether flashboards are contemplated in the 
near future or not. Temporary flashboards have been used up to a height of 
10 ft. 

After the boards are removed by a flood, the operators are usually able to 
replace them before the flow is reduced to the capacity of the turbines and the 
pond refilled by the tail end of the flood. With suflflcient capacity of sluice 
gates or other emergency outlets, the water surface can be lowered to the eleva- 
tion of the permanent crest before the flood has entirely receded, and the flash- 
boards can be easily replaced. The sluice gates are then closed and the pond is 
filled up to the top of the boards. 

The thrust of ice and, when the pond fluctuates, the lifting force of adhering ice 
frequently causes premature failure of flashboards. It is therefore necessary 
to maintain a channel of open water along the upstream face of the boards. 
This may be accomplished ^ (1) by cutting the channel by hand or with steam 
jets or ice saws, (2) by use of a bubbler system consisting of the release of jets of 
air at a lower elevation to bring warm water to the surface, (3) by use of heaters 
under covers stretched between the ice sheet and the flashboards. 

(6) Permaneni flashboards. Permanent flashboards are similar in principle to 
the temporary type, except that they are designed to operate automatically or by 
mami»ilation, without damage to themselves. They have been used mostly for 
special conditions and lai^ installations. 

^ FuH^ deseription in “Ice Problems in Hydro-electric Power Plants,” N'ai. Elec. Light 
Assoc. Pu5. 082, August 1930. 



CREST CONTROL 


877 


Art. 4] 


Fig. 5 shows details of the permanent ifiashboards used at the Davis Bridge 
Dam of the New England Power Co. The supports are held in place by a s^t 
on the crest at B and a latch on the bridge at A. They are removed during 
floods by tripping the latch. The boards, which are in the form of stop logs, are 
lost, and the supports are drawn up to the bridge by means of the chains and 
returned to place after the flood by fastening the top to the latch and swinging 
them down into the seat at the bottom. The new boards are then forced down 



Fig. 5. Details of flashboard device, Davis Bridge spillway. (E. A. Daw at spring meeting. 
Am. Sac. Mech. Engrs., 19BS.) 


from the top. The piers shown in Fig. 5 are not parallel because the Davis 
Bridge spillway is curved. 

One reason for using this type of flashboard in preference to the less expensive 
temporary type previously described is that the Davis Bridge spillway controls 
an extremely large reservoir. The tail end of the flood would not be of sufficient 
duration to refill such a large reservoir if the water surface were allowed to drop to 
an elevation close to that of the permanent crest in order to replace the flash- 
boards, there being no other outlet of large capacity to be used to discharge the 
tail end of the flood while the boards are being replaced. 

Fig. 6 is an illustration of a hinged leaf type of flashboard made up of panels 
which can be raised or lowered from an overhead cableway. The panels are 
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supported in position by a wooden strut. In an emergency, the panels can be 
dropped by drawing on a knotted cable which has been previously threaded 
through holes in the middle of each strut. As the cable is drawn in, the knot at 
the end engages each strut successively, breaking and removing the strut and 
allowing the panel to fall flat on the crest. The panel is said to fall uninjured, 
being well cushioned by air and water. The panels can later be raised again from 
the overhead cableway and new supporting struts installed. 



Fig. 6. Assembly of fiashboard. {From Eng. News-Record, Aug. 17, 19SS.) 


Fig. 7 shows a fiashboard device of a more permanent nature. It may be 
regarded as a part of the permanent structure that will be carried away by a flood 
that is greater than the r^lar spillway is designed to handle. The concrete slab 
structure is braced against the water load by steel struts that bear against a steel 
rail embedded in the concrete of the slab. The parts are arranged so that a 
rise of the pond above a predetermined level wfll produce a moment of sufl&cient 
magnitude to overturn the slab. The points of support are arranged so that 
panels will go out successively as the water level rises through a narrow range 
above elevation 7 60. A device of this kind is limited in its usefulness to auxiliary 
spillways that are provided for safety but not for regular operation. The effect 
of waves or ice at probable reservoir levels should be considered in connection 
with such a device. 

(c) Drum gales, 8 shows the Stickney type of drum gate used for the 
New York State Barge Canal. Its crest is lowered automatically by rising 
headwater. The leaves are so proportioned that headwater in Chamber A sup- 



open Position 


Closed Position 


Fig. S. Stickney type of drum gate. 





Crest with Gate Up. 2497 



Half Section A-A 

(a) Enlarged Crest Section (Gate Removed) (6) Arrangement of Operating Machinery <c) Details of 14 x64 ft Drum Gate 
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Diagram of Pressure Piping 

Fio. 10. Cros^section and dotails of neotor gatoa at Ilaaaaaafos. Norway, (from Eng. New..Rccord. Sejd. 0, wm 
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ports the movable structure against the headwater pressure above the sill at low 
water. When the water surface rises, the headwater pressure becomes relatively 



Fig. 11. Bear-trap dam, No. 6, Ohio River. (?7. S. Engineer Office, Pittsburgh, Pa.) 

greater on the upper leaf and the crest is depressed. As the water surface falls 
to the low water level, the crest returns to that level. 



Fig. 12. Automatic spillway gate, Eguzon Dam, France. (From Eng. News-Record, 

Vol. 99, p. 460.) 

Fig. 9 shows the type of drum gate used by the U. S. Bureau of Reclamation. 
It IS designed to maintain a controlled crest level and regulated discharge. Con- 
trol is effected automatically through a device which admits or releases water 
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roin the chamber under the drum under the influence of the headwater pressure. 
WTien lowered, the top surface of the drum matches the curve of the spillway. 

Fig. 10 >hows a European type of drum gate, commonly termed a sector gate, 
which is hinged at its downstream side. 



Fig. 13. Tilting gate for Tallulah Falls development. {Eng. Record, VoL 69, p. S26, 

March 21, 1914.) 

(d) BearAra'p dams. Bear-trap dams were originally developed for sluicing 
logs through dams used in logging operations on small streams. They have been 
used for stage regulation on low-head dams, particularly in connection with the 
movable dams for navigation on the Ohio River. 

The Ohio River type of bear trap is shown in Fig. 11. As in the drum gate, 
the surfaces and weights of the moving parts are proportioned so that the head- 
water pressure supports the damming structure. The trap is raised by admit- 
ting headwater to the chamber below the leaves and lowered by dr ainin g the 
chamber to tailwater. Bear-trap dams are ordinarily operated in either the fully 
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raised or fully lowered positions. They can be raised against the weight of over- 
flowing water by the headwater pressure with usual head difference but are 
arranged to be raised by buoyancy produced by introducing air under the lower 
leaf when the head difference is small. Bear-trap dams require a wide base but 
avoid the use of a deep chamber. They are therefore particularly adapted to 
applications where the fixed crest level is little above stream bed. 

(e) Tilting gates. In the tiltiug gates, the damming surface is hinged at the sill 
level and is designed to retain the pond at its normal level but to yield under the 
load of a greater head. Tilting of the gate lowers the effective crest level and 
releases water. When the reservoir level has fallen sufficiently, the gate returns 




Fig. 14. The Stauwerke tilting gate. Fargo Engineering Co., Jackson, Mich., Agents. 

to its raised position. A variety of gates of this type have been installed and 
many have been patented. 

In the example shown in Fig. 12, the force used to oppose the pressure of the 
reservoir is derived from headwater pressure acting upon an extension of the leaf 
below the point of rotation. 

In the examples shown in Figs. 13 and 14, weights are used to provide the 
counterforce. The proportioning of the mechanis m s controls the discharge 
characteristics of the gates. 

6. Crest Gate^ The term '"crest gates” is used to designate that class of 
spillway control in which the dammin g surface is raised to permit discharge be- 
tw^n its lower edge and the fixed crest or sill. Both the water load and the 
weight of the gates when raised are carried on piers that are located at appropri- 
ate intervals along the crest. Crest gates are ordinarily operated by externally 
appHed power and require intelligent control, although they can be, and some- 
times are, operated by automatic devices under the influence of the elevation of 
headwater. 

The common types of crest gates are plain sliding gates, roller-bearing gates, 
fixed-roller gates, and truck gates in which the damming surface rises in a more or 
less vertical plane, taintor gates in which the damming surface rotates about an 
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excessive loss of water. They are raised to pass floods. An example of this type 
is shown in Fig. 19. 

(6) Plain sliding gates. Plain sliding gates consist of a simple flat damming 
structure supported between piers. In operation, the friction due to the water 
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(d) Stoneij gates. Stoney gates are distinguished by the use of simple straight 
roller trains between the bearing surfaces, as in Fig. 16. The structure is ipually 
of steel. The water load is carried on a skin plate and transmitted to horizontal 
beams which are spaced in accordance with the water loading and carry the load 
to suitable vertical end framing. Vertical tracks on the downstream side of the 
end beams ride upon the rollers, which in turn roll upon fixed tracks in the piers. 



11 " » » 

(a) (^) 

Fig. 16^-1, Means of regulating travel of stoney gate roller trains. 


The rollers are assembled m “trains” to maintain correct spacing and align- 
ment and to support them in position when the water load is relieved. The 
train is usually formed by positioning the rollers between two steel bars. Holes 
bored in the bars at suitable intervals receive turned extensions of the rollers or 
pins passing through the rollers. The roller train is usually positioned laterallv 
by sliding contact between the side bars and the track on the gate. 

The permissible loading for rollers is e.xpressed by the following formula; 

P^LDXC 

vhen P = load in pounds, 

D = diameter of roller in inches, 

L = length of contact in inches, 

C = constant, dependent upon materials. 
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For rollers and tracks of carbon steel of about 170 Brinell hardness, a value of 
600 for C has been found to give satisfactory service. 

Some means is needed to maintain the roller train in proper position relative 
to the two tracks through the range of travel. The roller train travels only half 
as far as the gate. A common device for this purpose is a two part wire rope 
support for the roller train, as shown in Fig. 16A (a) . The rope is fixed to a point 
on the gate, passes around a sheave fixed to the roller train, and is dead-ended on 


Flood control gate house 



Fig. 17. Caterpillar crest gates, Waterworlts Reservoir Project, Oklahoma. (Philips 

<& Doxies, Inc.) 

the pier. A more positive device is provided by mounting on the roller train a 
gear pinion which engages a gear rack on the gate and one on the pier, as shown in 
Fig. 16A(h). 

Means should be provided for holding the gate within a permissible range of 
lateral movement. Usually a single roller or sliding surface is provided at each 
end to contact guide surfaces on the piers. If two rollers or contacts on each end 
are used, investigation should be made of the effect of the moment that may be 
produced by diagonally opposite contacts if the gate is lifted imevenly. 

(e) CaierpiUcar gates. Caterpillar gates (Fig. 17) are essentially the same as 
stoney gates except that the roUer trains are arranged as continuous chains, as 
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showTi in Fig. 44. The rollers are connected by links, and the assembly travels 
around a continuous track that is framed into the end of the gate. The Broome 
type gate makes use of this construction and, in addition, seats along its bottom 
and sides in a plane that is inclined relative to the plane of the tracks. This 
arrangement permits positive metallic contact on the sealing surfaces. 

(/) Finish and alignmmt. Accuracy of finish and alignment of tracks and 

rollers are of primary importance in roller-bearing gates. The basic idea of this 

♦ 



Fig. 18. Fixed roller gate, Mahoning Dam, Mahoning Creek, Pa. (C/. S. Engineer Office, 

Pittsburgh, Pa.) 

type of gate bearing is predicated upon each roller carrjdng its proper share of the 
load. The degree of accuracy necessary for meeting this requirement absolutely 
is impossible even with the best workmanship. However, in actual practice the 
flexibility of the gate structure and the compressibility of the rollers and tracks 
keeps the overloads on rollers within safe limits if reasonable accuracy is main- 
tained in construction and erection. 

(g) Fixed roller goies. In fixed roller gates, the water load is transmitted from 
the gate structure to the tracks on the piers through rollers or wheels whose axes 
are fixed relative to the gate. Otherwise this type does not differ essentially 
from the stoney gate. 

The rollers are generally spaced so as to carry more or less equal loads under 
the maximum load condition. Their capacity may be figured in the manner 
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previously described for stoney gate rollers except that additional consideration 
must be given to their bearings and axles. Roller bearings are generally used. 
The chief objection to plain bearings for this use lies in their high frictional resist- 



ance when starting under load. Several types of commercially available roller 
bearings will give satisfactory service in this application if properly arranged and 
protected. 

The mounting of the roUers should be designed so that eccentric loading wiU be 
avoided. Eccentric loading may result from the deflection of the gate structure 
under load or from unavoidable irregularities of the track. Self-aligning r ol ler 
bearings are usually preferred for this reason- 
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The roller bearings must be protected from water, air, and abrasive materials. 
The bearing chambers should be kept packed with grease and are generally sealed 
by watertight closures which fit snugly about the axles to exclude water and air 
and to retain the grease. 

(h) Truck-mounted gates. Truck-mounted gates are used where unusually 
long and relatively shallow gates are needed, particularly in rivers where large 



END SHIELD OUTSIDE ELEVATION 


SECTION i4*X 

27 '-0* Radius to Outside of Skin Plate 
Fig. 20. Taintor gate, John Martin Reservoir, Arkansas River, Colorado. {U. S. Engineer 

Office, Caddoa, Colo.) 


drift or hea\ 7 ' ice may be encountered during floods. In such gates , the effects of 
deflection under the water load and of variations from level in operation are more 
pronounced than in gates of more usual proportions. The truck mounting pro- 
vides for the necessary flexibility and is particularly adaptable to a rugged type of 
construction. 

Fig. 19 shows a truck-mounted gate as installed at Emsworth Dam on the 
Ohio River. The main structure of the gate consists of two longitudinal trusses 
with a skin plate on the upstream surface and curved overflow plating on the top. 
The skin plating and trusses are designed to resist the horizontal and vertical 
bending moments. The horizontal water load is transmitted from the gate to the 
pier through four two-wheel trucks, two at each end of the gate. The load is 
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suspended horizontally from the trucks through eyebars so that the gate may 
swung in a horizontal plane relative to the trucks through a limited range. This 
mounting allows for expansion and contraction of the gate and its deflection 



Fig. 23. Sidney gate. (JJ. S. Engineer Offiee, Pittsburgh, Pa.) 


under load as well as minor misalignment of the tracks. It also permits one end 
of the gate to be raised or lowered as much as 2 ft relative to the other end with- 
out affecting the bearing of the wheels upK)n the tracks. 

(i) Taintor gate. In the taintor gate, the damming surface is a section of a 
cylinder which is arranged to rotate about a fixed horizontal axis and is generally 
concentric writh it. Its merit lies in ite mechanical simplicity. The load is 
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carried on two bearings, one at each end of the gate on the axis. The bearings 
are mounted on piers located at appropriate intervals on the crest. 

Taintor gates are usually constructed of steel. Small taintor gates have in the 
past been built of wood, and wood facing has been used on steel framing in the 
interest of economy and to minimize the collection of ice upon the face. 

In the usual design of taintorgates, the water load is transmitted from the facing 
to horizontal beams that are spaced on the cylindrical surface in accordance with 
the distribution of the maximum water loading. The beams connect to frames 
at the ends of the gate which are supported by arms from the bearings. 

Taintor gates are usually raised by means of ropes or chains acting simultane- 
ously at both ends. Since the angular travel in the bearings is small when the 
gate is raised from the closed to opened position, the work done in overcoming 
the frictional resistance is small. 

Fig. 21 shows a typical taintor gate of the usual design. 
ij) Sidney gate. The Sidney gate shown in Fig. 23 retains the essential features 
of the taintor gate but is adapted to relatively long spans and conditions where 
the gate must be raised to clear stages much above the normal reservoir level. 
The main framing is triangular in cross-section, and the main tension member 
which serves as the downstream chord of the top and bottom trusses is coincident 
with the axis. In ordinary operation, the damming surface is raised in rotation 
about the axis, as are taintor gates of the usual design. When it must be raised 
to clear flood stages, the entire gate is lifted vertically, the bearings leaving 
their seats and rising along the tracks provided in the piers to guide them. An 
experimental gate of this type installed at Emsworth Dam on the Ohio River in 
1937 has given good service. 

(k) Rolling gates. Rolling gates are generally used for relatively long spans 
and where severe ice or drift conditions are encountered. Their characteristic 
feature is a cylindrical beam which spans the opening and rolls up and down on 
inclined tracks on the piers at the ends, as shown in Fig. 24. A wheel of some- 
what greater diameter is fitted at each end of the cylinder and rolls upon the 
track on the pier. These wheels have coarse pitched teeth which engage depres- 
sions or holes in the track surfaces as gears to cause equal travel of both ends. 
The raising force is usually applied at one end and the force needed to raise the 
other end is transmitted in torsion through the cylinder. The diameter of the 
cylinder is ordinarily less than the damming height, and the retaining surface is 
completed by an apron which, when the gate is in the closed position, extends 
from the cylinder to the sill and, in some cases, by an extended surface over the 
cylinder. Relatively large shields cover the recesses at the ends and carry the 
end seals. 

The cvlindrical structure is built un of steel nlates with longitudinal stiffeners 
attached to the inside surface. Diaphragm frames are located at intervals, and 
solid web diaphragms are usually placed at the wheel and chain drum locations. 
Aprons shaped to give the most favorable water reactions when raising and lower- 
ing are constructed of steel plates with suitable bracing and stiffeners. Wheels, 
tracks, and chain drums are generally made of cast steel. 

Rolling gates have been mounted so as to rotate below the normal closed 



Art. o] 


CREST GATES 


895 


position and have been fitted \\ith movable flaps on the top of the cylinder to 
pass ice or drift from the surface of the reservoir. 

(Z) Operation of crest gates. The primary" function of a device for operating 
crest gates is generally the development of a large lifting force with a relatively 
small rate of power input. The force is required to overcome the weight of the 



movable parts, the friction of the sliding and rolling contacts under load, the 
friction of seals, and incidental loads such as the accumulation of ice or sediment 
on the gate structure or possibly the weight of overflowing water. In the rolling 
gate, there is also the force of water reaction to be overcome. Ordinarily, the 
rate of travel is low and therefore the power input is comparatively small, neces- 
sitating a high ratio of speed reduction between the initial and final motions. 

The rate of travel is usually determined from the maximum rate of increase in 
outflow that the spillway may be called upon to accommodate. The gate operat- 
ing devices must be capable of raising the gates clear of the water before the 
reservoir rises to a dangerous level with the maximum possible rate of inflow. 
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This consideration, together with the lifting force required, determines the 
amount of power that must be available for operation. 

SmaU gates are often operated by hand power, and gates of larger size are 
sometimes arranged so that they can be operated by hand power if necessary. 



Fia. 25. SmaU gate hoist, Bm. 1S7 p. published by S. M^,an Smiih Co.. 

York, Pa.) 

operation by hand becomes so slow as to 
eli^nate this means from practical consideration 

The usual sources of power for the operation of crest gates are electric enerirv 

so^, and the latter is more often used for emergency operation. 

Various means are practicable and have been used for enmroi4' j-i, 
mto force and movement of the necessary vahS ^ 
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a number of gates. Long gates, such as the truck gates described in Art. 5A, the 
Sidney gate described in Art. oj, and the rolling gate described in Art. 5k are 
operated by individual hoists. Roller-bearing gates, fixed-roller gates, and 



taintor gates are in some installations operated by individual hoists and in others 
by movable hoists. Choice between these two arrangements for operation is 
influenced mainly by the cost of the initial installation and of maintenance and 
the speed and frequency of operation required. 
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When individual hoists are used on roller-bearing, fixed-roller, truck, or 
taintor gates, the lifting force is applied to both ends by separate hoisting de- 
vices. These devices must be tied together to insure equal travel. For short 
spans, the tie is usually mechanical and one motor is frequently used to drive 
both hoists. For long spans, electrical synchronization of the driving motors is 
sometimes used. 

Fig. 25 shows an operating mechanism for a small gate. 

Fig. 26 shows a hoist for a truck-mounted gate at Emsworth Dam. 

The form of traveling hoist most commonly used for the operation of roller- 
bearing and fixed-roller gates is the gantry crane. The points of suspension are 
placed high enough and the framing of the crane is arranged so that a gate can be 
raised to clear the tops of the piers and carried across the bridge to other gate 
bays or to a work bay outside of the range of gate bays. When gates are ar- 
ranged in a single line along the crest, the position of the hoists may be fixed on 
the crane. WTiere gate positions are placed in two lines, as when recesses are 
provided for regular use and emergency use in each gate space, the hoists must be 
arranged to travel in an up-and-downstream direction upon the gantry frame. 
A crane of this type is shown in Fig. 27. 

The lift is usually effected by means of wire rope falls. Two sets of falls are 
used in order to apply the lift as equally as possible to both ends of the gate. 
Means should be provided for conveniently adjusting the lines to assure a level 
pick-up. 

(7w) Pick-up beam. A pick-up beam is frequently employed to effect the con- 
nection between the falls and the gate. The beam is attached to the lower blocks 
of the falls and is fitted with hooks or retractable pins which engage suitable 
provisions on the top of the gate. The engaging devices are arranged so that 
they can be controlled from the crane or the bridge. Fig. 28 shows a pick-up 
beam designed for such use. 

ill) Counterweighted gates. Counterweights are sometimes used to minimize 
the force needed to operate roller bearing and taintor gates. An example of 
counterweighting is shown in Fig. 29. Ordinarily, the weight of the moving 
parts of the gate is balanced by the counterweight, leaving the friction of the 
working parts and seals to be overcome by applied power. Such an expedient is 
useful where gates are to be operated by hand or where limited power is available 
but, ordinarily, the value of the saving in power is more than offset by the initial 
cost of the counterweight and its supporting structure. 

(o) AutonicUic gaies. The use of counterweights in conjunction with the 
effect of buoyancy makes possible automatic operation without power from an 
outside source. An example of this type of operation applied to a taintor gate is 
shown in Fig. 29. Fig. 30 shows a stoney gate operated by this means. 

(p) Gate seals. Fig. 31 shows the types of seals most commonly used on crest 
gates. Direct metallic contacts, such as shown in Fig. 31a, require accurate 
workmanship and may suffer from abrasion where the water carries sand or silt. 
The poured metal seal shown in Fig. 316 presents a convenient method of pro- 
viding a close-fitting metallic contact. Wood contact surfaces, as shown in 
Figs. 31c and 31d, give good service where they are not allowed to dry out. 



i Hooks (Extreme Position) 
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Fl(i. 27. Gantry eraue. {Tentwttsf'e Valley AidhorUy, Knoxville, Tenn.) 
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Trash Rack El. 352 


gf Dia. Intake Deck Slab El. 382 

' Crest of Weir El. 374.5v 


Normal Controlled '''r-*-.. 
Pool Elevation El. 373.5 ''v 


Crane Bumper ^ 

TopofOamEl. 378.5 



30" Header' 


Typical Spillway Gate and Intake Structure 


— Upper Orifice 
Wj 6Ji"x4”EI.373.5 

i "^Lower Orifice 
i||<j 6‘'x6V’EI.370.5 

Counterweight 


Discharge Outlet 
(Adju^abte) 



Supply Risers to Float 
Wells of each Pier 


Discharge Outlet 
(Adjustable) 

Diagrammatic View of Water System Combined 
with One Gate and Float 


Note:- Intake Orifice • 

Constant Flow Occurs in the System Priming the 
Float Wells as Soon as the Water Surface Uvel 
Reaches the Intake Orifice 

Fig. 29. Automatically operated radial gate. {U, S. Engineer Office, Portland, Oreg.) 
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Flexible rubber sealing devices, as shown in Figs. 31«, 31/, and 31g, are sometimes 
added to the bottom contacts of crest gates to secure greater watertightness 
Side seals are usually of the flexible type. Figs. 31A, 31i, and 31; show typical 



£ 


mbber seals. The flexible plates with wood contacts, as shown in Figs. 31ji: and 
rfli, ^ ifed where operating conditions are severe. The arrangement shown in 
Jtig. 31* is us^ for rolling gates. The arrangement shown in Fig. 31f is used on 
tne iimsworth gates, which are submeigible below the sill level. 
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Steel pipe, wooden needles, rubber hose, and Manila rope are sometimes used 
as temporary or occasional seals. 

(q) Force required for raising crest gates. The principal forces that must be 
overcome by the hoists are the weight of the movable parts, the bearing friction, 
and the seal friction. Ordinarily, the static or starting friction rather than the 



abed 
(a) Direct Contact Bottom Seals 



h i j k I 

<c) Flexible Side Seals 

Fig. 31. Typical forms of seals for crest gates. 


moving friction determines the operating force. In some cases, additional lifting 
force is required for accumulation of ice or silt or for the weight of overflowing 
water. 

The bearing friction is generally proportional to the water load on the face of 
the gate and is dependent upon the type of bearing upon which the water load is 
supported. 

In plain sliding gates, the coefficient of friction depends upon the materials in 
sliding contact and the condition of their surfaces. When metals of si m i l ar 
structures are used for both the sliding and fixed contacts, the surfaces are likely 
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to gall when operated in sliding contact under moderately heavy pressures, al- 
though certain bronzes can be used in this manner. Ferrous metals subject to 
rust may develop excessive friction due to the accumulation of rust or pitting 
where they are exposed to alternate wetting and drying. Recommended allow- 
ances for the coefficient of static friction between well-finished clean surfaces 
of commonly used materials are given in Table 2. Dry surfaces are used in the 
table, since the lubricating effect of water is problematical where two surfaces 
are squeezed together tightly. 


TABLE 2 

Recommended Allowances for the Coefficients of Static Friction for Smooth- 
Finished Dry Surfaces 


Steel on steel 

0.6 

Wood on metal 

1.00 

Steel on cast iron 

0.6 

Wood on wood 

1.10 

Steel on bronze 

0.45 

Rubber on metal 

1.10 

Bronze on bronze 

0.45 




Stoney gates, caterpillar gates, and fixed-roller gates all bear on some form of 
roller bearing, and the primary resistance to their movement is rolling friction. 
The coefficient of rolling friction is low and would not exceed 0.005 with reasona- 
bly good workmanship. However, considerable friction may be introduced by 
the parts used to hold or contain the rollers. In stoney gates, friction is produced 
in the bearings of the roller axles in the side bars or rollers. Likewise, the links 
and pins used in the caterpillar roller train introduce a friction load. In fixed 
roller gates, friction occurs in the contact of the closure seals of the rollers and in 
the lubrication in the bearing spaces. The amount of friction load that may be 
accumulated from these sources is dependent largely on the condition of the parts 
and is quite variable. For gates of this type, it is usual to allow for a load 
amounting to 5 per cent of the water load on the face of the gate for the bearing 
friction. 

In the taintor gate, the operating force has the advantage of leverage over the 
frictional resistance at the bearing. The bearings are usually of the plain cylin- 
drical type arranged for grease lubrication. When the gate stands for a time 
under load, the lubricant is squeezed out from between the contacting surfaces 
and the coefficient of friction approaches the value for unlubricated surfaces. 
Referring to Fig. 32, the operating force required to overcome the bearing fric- 
tion may be expressed as follows: 



when P = total water pressure on gate, 

K = coefficient of friction, 

R «= radius at which F is applied, 
r = radius of bearing. 

Seal friction is dependent upon the pr^sure exerted upon the seal contact and 
the coefficient of friction between the sealing surfaces. In flexible seals, the force 
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exerted at the seal contact is usually derived from the headwater pre%ire, al- 
though mechanical springs have been used to increase the contact Jn^^^ 

rubber seals, closure is usually effected close to the headwater side of the cStWiuiut"'^ 
area, and the headwater pressure should be considered as acting over the entire 
seal area. The less flexible wooden seal surfaces may have their line of closure at 
any place in the contact area and therefore it is safer to assume, when estimating 
the seal friction, that the headwater pressure acts over the entire contact area. 

The coefficient of friction between rubber and smooth metal surfaces is low as 
long as the contact is lubricated by a thin film of water. In gate seals, water is 
not retained between the contact surfaces and the coefficient of friction is rela- 



tively high. Coefficients of friction for materials conmiouly used for seals are 
included in Table 2. 

(r) Sizes of crest gates. The selection of the type of gate for any crest gate in- 
stallation is influenced to a great extent by the dimensions of the opening that is 
to be controlled. While no definite lines can be drawn to fix the suitability of 
certain types of gates within certain size ranges, the dimensions of existing instal- 
lations indicate the types that designers have found to be most suitable under 
average conditions. In the range under 60 ft in length and 30 ft in height, taintor 
gates predominate. Stoney gates also fall within the same range. Fixed-roller 
gates have been used mostly for heights of 30 ft and greater. On the Tennessee 
River Dams of the Tennessee Valley Authority the gate openings are 40.5 ft wide 
and the gates are 40.4 ft high. These gates are divided horizontally into two 
sections of approximately equal height which are handled separately. The fixed- 
roller construction used for these gates is particularly suited for this plan of 
operation. Similar gates on the Bonneville Dam, Columbia River, are 50 ft long 
and 50 ft high. Rolling gate mstallations range between 60 and 150 ft in length, 
with heights up to 30 ft. Truck type gates have been constructed within the 
range of 60 to 100 ft in length and 16 ft in height. These dimensions do not 
represent absolute limits for any type of gate, and examples may be found outside 
of the ranges stated. 
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(s) Weights of crest gates. The available reported weights of various types of 
crest gates are characterized by the lack of complete information which would 
enable the published weights to be intelligently applied. The weights of gates 
involve a consideration of the following: (1) the general type of gate (taintor, 
stoney, rolling, etc.), (2) the size of the gate, (3) the design loading and the design 
allowable unit stress, (4) a clear understanding of what the given weight repre- 
sents (moving parts, embedded or track metal, and hoisting equipment), and 
(5) special design considerations such as radical departures from conventional 
types and additions of metal for corrosion or erosion protection. 

The formulae presented herewith have been developed by Mr. M. V. Harring- 
ton, Engineer, U. S. Engineer Office, Pittsburgh, Pa., and, except for the rolling 
gates, have been derived, using empirical constants and based on the weight 
varying directly with the water load on the gate and directly with the square 
of the span length. The constant in the term (L^ + constant) provides for an 
increased proportional weight of the end framing, mounting, etc., as the span 
decreases. 

The weights of the rolling gates appear to follow a straight line variation 
dependent only on the height and length of the gates. The indmdual considera- 
tions determining the shield proportions and rolling circle sizes cannot be con- 
sidered in a simple formula. 

There is an acute lack of published data on weights of embedded metal for 
various types of crest gates. The formulae given are approximate only, and the 
user should give consideration to the widely varying unit prices of castings, cor- 
rosion-resistant metal, and structural steel. 

L = clear span length in feet, 

H = height of gate in feet, 

h = design head to the bottom of the gate as measured in feet, 

Fs — unit design stress of material in psi, 

W = gate weight in pounds, 

w = embedded metal weight in pounds. 

The gate weight formulae are intended for use only for ratios of h/H of not more 
than 1.5. 

1. Radial or taintor type of gates: 

935 

Mo\’ing parts W = -j- 700) 

Fs 

Embedded metal w = (L + 2H)12o + (226 lb per ft of gate lift) 

2. Stoney, fixed roller, etc., type of gates: 

750 

Moving parts W = — Hk(L^ -f 870) 

Embedded metal w = {L + 2H) 190 + (450 lb per ft of gate lift) 

3. Truck-mounted gates: 

Nonoverflow, moving parts W = — Hh(L^ + 3000) 

Fs 

Overflow or submergible, moving parts W = HhiL^ + 350) 

Fs 
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Nonoverflow, embedded metal w = (L + 2H)170 + (350 lb per ft of lift) 
Overflow or submergible, embedded metal w ~ (L 2^f)185 -j- (350 lb per 
ft of lift) 

4. Rolling gates: 

Moving parts = 

Embedded metal (including rack) iv = (L + 2H)250 + (1300 lb per ft of 
lift) 

(t) Stop logs. Stop logs are vertical layers of loose timbers spanning an 
opening between piers or abutments and supported at each end in grooves. A 
typical stop log layout is shown in Fig. 33. Stop logs, w^hich are removed one by 



Detail at **A” 

Fig. 33. Typical stop-log layout. 


one as the need for increased discharge occurs, are the simplest form of crest 
gates. The chief objection to their use is the difficulty of installing and removing 
them. 

Fig. 34 shows a winch designed for their removal during periods when water is 
passing over them. Stop logs are installed by pushing them down into positions 
one by one with poles, where they are held in place by water pressure. 

Stop logs are chiefly used for the outlets of small log and trash chutes and are 
usually removed by hand. They are extensively used for emergency purposes, 
to unwater all kinds of water-control apparatus. 
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The facility with which stop logs can be installed depends greatly upon the 
smoothness of the guides. Therefore wooden or steel guides are used for long 
spans and deep sluices, unless special provision is made for placing very smooth 



Elevation of Domatream Side Section A‘A 

Fig. 34. Weighted hooks for grappling stop-log. (L. Ross in Eng, Recordj Vol. 74, P- 4-) 


concrete for the logs to rest on. While leakage below low-water surface will 
preserve wooden guides, they will rot at and above water. Therefore steel 
guides similar to that illustrated in Fig. 33 are recommended. 



Fig. 35. Typical needle layout. 

(w) Needles, Needles consist of a row of slightly inclined timbers supported at 
the top by a bridge or beam and at the bottom by a sill on the crest, as shown in 
Fig. 35. The needle are placed one by one, by extending them horizontally 
over the pond and allowing them to tip into the current until the lower end swings 
down in contact with the concrete near the sill. They are then drawn slightly 
upward until the lower end rests on the sill and are rolled sidewise into place 
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against those needles already installed. They are removed by lifting each from 
its seat and hauling it out bodily. Each should be pro^dded with a hole near the 
top through which to pass an anchor rope. The purpose of this rope is to hold 
the needle in case it gets a-way from the operators w^hen being handled. Needles 
are invariably installed and removed by hand so should not be too large. Tim- 
bers 6 by 6 in. and 20 ft long have been used. 

This type of control is not frequently used. 

6. Siphon Spillways. The siphon spillway is a de\’ice for discharging water 
over a dam. It utilizes the available head of the dam to produce a higher veloc- 
ity of flow than would be attained at an overflow w’eir, thus increasing the dis- 



Fig. 36. Simple siphon spiUway. 


charge for the same elevation of water surface in the reservoir. Thus, for a given 
length available for a spillway, the use of a siphon spillway will result in a smaller 
rise of water surface for the same discharge than would be possible for an overflow 
weir. 

Fig. 36 shows the normal headwater surface at the level of the crest of the 
siphon spiUway . When the water rises, it spills over the crest ; and, when the flow 
is such that the discharge strikes the downstream side of the lower leg, the air thus 
confined in the throat is quickly entrained and ejected, and the siphon primes. 
The suction thus produced increases the velocity to that corresponding to an 
effective head equal to the difference in elevation between headwater surface and 
the center line of the outlet, less the head expended in friction within the siphon. 

If the full discharge of aU the siphons at the dam is greater than the total flow 
into the pond, the headwater surface will fall. When the upper parts of the air 
vents are exposed, the air drawn in by the suction reduces the efficiency of the 
siphons until the discharge is automatically diminished to that required for sta- 
tionary water surface in the pond. If, however, too much air is drawn in, the 
siphon action will be broken and the headwater surface will then rise again, and 
the operation of priming will be repeated. If properly proportioned, the siphons 
will prime within a few seconds after the water has risen to the required elevation. 
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The siphon depicted in Fig. 37 was shown to be capable of priming within 2 
sec after the water had risen high enough to effect a seal in the lower leg (1).® 
The upper leg is made of sufficient length to bring the inlet well below water 
surface, in order to prevent the entrance of ice and drift. The inlet is made two 
or three times the area of the throat, is well rounded, and is usually protected by 
rack bars rather wide apart. The lower leg should be as long as is practicable, 
up to the siphonic limit, to take advantage of all the head available. The outlet 



Fig. 37. Siphon spillway, Ocoee River Development, Tennessee. {Eng. Record, Vol. 72, 

p. 567.) 


may be submerged or may be opened to the air, except for special cases where sub- 
mergence is necessary'. 

Wheaton recommends that the outlet of a siphon with a water seal should be 
submerged as little as possible, or compression resulting in the tube will cause an 
increase of both the tune and head necessary for priming (2). 

The throat is frequently protected by a lining to prevent erosion if the velocity 
is high. Provision should be made to bypass ice cakes and large pieces of debris 
which otherwise might clog the siphons. 

Siphons with a throat height as great as 8 ft have been used. Figs. 36 and 37 
indicate the usual type of siphons, but many other forms have been adopted, as 
indicated in Fig. 38. 

Siphons of the type shown in Fig. 37 usually prime when the water has risen 
a distance equal to about one-third the height of the throat. For very large 
throats, the resulting r^e may be too great. Therefore some means must be used 
to obtain a quicker priming. This has been accomplished by providing a small 
auxiliary priming siphon, having a smaU height of throat. Such a siphon wiU 
prime ydth a small rise of headwater surface. It is connected to the large siphons 
by a pipe which draws the air out of the large siphons and in turn causes them to 
prime with a small rise of water surface. In such eases, the outlet of the large 
siphons must be sealed with water. However, priming siphons are not now 
considered^ necessary. Other methods of providing quick priming action are 
described in the references indicated hereinafter. These consist, in general, of 
providing a inethod of deflecting the spilling water across the lower leg to form a 
sealing curtain, 

^ Numbers in parentheses refer to Bibliography, Art. 9. 
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Fig. 37 shows the siphon spillway of the Tennessee Power Co. on the Ocoee 
River. 

The discharge of a siphon may be computed from the ordinary equation for 
flow through short tubes. 

Q = CAy/2^ 

where h = the gross head on the siphons in feet from headwater surface to center 
line of outlet or tailwater surface, if submerged, 

A — the area of the throat, in square feet, 
g = the acceleration of gravity = 32.2, 

Q = the discharge, in cubic feet per second, and 
C = a coefficient depending on the characteristics of the siphon. 




Diagrammatic sketch of t>T)ical siphons. 


The throat of the siphon must be so deigned that the absolute pressure at the 
summit is materially greater than zero. To obtain the pressure at the summit, 
deductions must be made from the atmospheric pressure at entrance for entrance 
loss, friction between entrance and throat, velocity head at summit (or bottom 
of throat), difference in elevation, and vapor pressure, etc. Generally, the 
resulting residue of absolute pressure at any point in the throat should not be 
less than 10 ft. 

The long leg of a high head siphon should be so designed by tapering or a 
nozzle at the outlet that it will flow full. 

Tests by W. P. Creager on the Ocoee siphons indicated a value for C of about 
0.65, and this figure has been fairly well substantiated by other tests on siphons 
of the same type. 

Other types of siphons have coefficient C ranging from 0.25 to 0.98 (3). Meth- 
ods of calculating the coefficient C are identical with the theory of flow of water 
in pipes and are described in references 3, 4, and 5. Wheaton has shown that the 
action of siphon spillways can be determined accurately by model tests, provided 
that models to several scales are constructed and compared above some critical 
value of Reynolds^ number. The break in the curve of coefficient of discharge 
plotted against operating head seems to occur for models of the same siphon to 
several scales at a constant value of Reynolds^ number. There is probably also a 
limit to the scale reduction of the model for reliable results (2). 

7. Ice Troubles at Crest Gates. Ice must be prevented from forming on crest 
gates in order to insure their being in operating condition when needed. If 
neglected in cold climates, ice will form in great quantities below leaky gates, and 
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the entire upstream face of exposed steel gates will be coated with ice several feet 
thick. The ice which forms on the face of the gates may be too heavy for the 
hoist to lift and, moreover, the ice vdll adhere to the piers and sills. 

The operation of remo\dng large quantities of ice from the gates is both slow 
and expensive. In most cases, quick opening of the crest gates is very necessary 
to prevent flood waters from rising too high and causing damage. Winter floods 
are frequent in most of the northern states, and even the spring floods may occur 
before the ice at the gates has melted away. Aside from the great danger of 
possible unsuccessful operation of frozen gates when badly needed to pass sudden 



Fig. 39. Arrangement for steaming Taintor gate seals at Chippewa Falls Hydro Plant. 

floods, it will be found economical to make provisions to prevent the ice from 
forming if the gates must be operated during the winter season. 

Reference should be made to the November 4, 1924, issue of Power, which 
contains a synopsis of an excellent paper read by Mr. J. S. Bowman before the 
American Society of Civil Engineers on ice troubles at spillways. This paper 
has been freely drawn on in this section. 

Three methods are used successfully to prevent freezing of crest gates. These 
are (1) heating by steam, (2) heating by electricity, and (3) the provision of air 
jets to circulate the headwater. 

For the first method, the downstream face of the gate is housed in, usually 
with two layers of 1-in. sheeting wdth building paper between, and steam coils 
are located close to the skin plate of the gate and also embedded in the concrete 
near the gate seals. Steam must be supplied continuously during cold weather 
because, if the pipes are allowed to cool, condensation may freeze them solid 
when steam is first turned on. llie 25- by 15-ft taintor gates of the Consumers' 
Power Co. in northern Michigan required 15 tons of coal each for continuous 
winter operation. The boiler capacity was 15 hp per gate. Fig. 39 shows the 
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detail of a heating unit in a recess in the concrete near the gate seals, used by 
Northern States Power Co. 

In some cases, space heaters have been substituted for the steam pipes inside 
the housing with equal success. Four 500-w Westinghouse space heaters are 
placed at the bottom of each of the 16- by 12-ft taintor gates of the Jim Falls 
Dam in Wisconsin, at a total cost of $170 per gate. The heaters require about 
5000 kw-hr per gate per yr. 

The W. G. Fargo Engineering Co. has made a practice of heating only about 
every fourth gate of a series. "^Tien the heated gates are opened during the 
winter, the warm water flowmg from the bottom of the pond past the other 
gates will, within 2 to 4 hr, melt the ice on them sufficiently to permit their being 
opened. 

In the third method of preventing ice formation, compressed air, released from 
the pipes near the bottom of the gate, creates a circulation which draws the 
warmer water from the bottom of the pond to the surface. This method will not 
only prevent the formation of ice on the face of the gate and the piers but will 
keep an area of open water above the gate. It was first used in this country at 
the Keokuk development of the Alississippi River Power Co. 

The following description of the compressed-air installation at Twin Branch 
was furnished by Mr. J. S. Bowman, Hydraulic Engineer, Fargo Engineering Co., 
Jackson, Mich. 

In 1923, an air system was installed at the Twin Branch Dam of the Indiana 
and Michigan Electric Co. from designs of the Fargo Engineering Co. The 
spillway gates consist of seven taintor gates, 25 ft long and 10 ft 6 in. high. 
This system was installed not so much to prevent pressure against the gates 
as to prevent the formation of ice on the upstream face and at the ends and 
sill.6 

An old 6- by 6-in. air compressor, used for dusting the generators, was 
speeded down to 120 rpm and the air passed through a combined cooler and 
receiver and a reducing valve to a Ij^in. main on the runway over the gates. 
At each end of a gate is a ^-in. n^dle valve and union for attaching the 
^-in. aeration pipes which discharge the air into the corner formed by the sill 
and the pier. The discharge of the air at this particular point was found to be 
very important. The aeration pipes are in place only during the winter. Air 
is supplied by the compressor at a pressure of 15 or 20 lb and reduced to a 
pressure of 5 lb in the main. 

Approximately 1.0 cu ft of free air per min was used at each of the 14 outlets 
during the past winter. The temperatures during the month of January were 
very low for this locality over a protracted period. On 9 days the nodnimum 
temperature ranged from 0° F to -16^ F, and on 4 days the daily mean was 
below zero. For the entire month the average minimum temperature was 
10® F and the average maximum temperature was 29° F with a mean of 19° F. 
Ice formed on the pond to a thickness of 16 in. and, at the E lkha rt plant, 11 
miles upstream, where all conditions are s im i la r, ice formed on the face of the 
gates to a thiclmess of 12 in. However, the air system was kept in operation 
at Twin Branch without interruption, and with practically no attention the 
gates were kept entirely free from ice. The current of water came upward at 
the jimction of the gate and the pier, then circulated on the surface toward the 

® This statement has reference to the compressed-air installation at Keokuk, which was 
designed to prevent ice thrust against the gates. 
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center of the gate. In each corner an area of about 2 sq ft remained entirely 
open, and along the face of the gate the surface was open for a width of 2 to 1_« 

**^’The power required to operate this system was not over 2 kw for the seven 
gates. At a cost of $0,010 per kw-hr this would cost approximately $0.07 per 
gate per day with very slight attendance by the operating force. 

The ice must be kept clear of the face of the gate, not only to permit operation 
but also to prevent thrust from the ice sheet against the gates. This thrust has 
been known to damage the gates to a considerable extent. Care should be taken 
not to thaw the ice away from the projecting nose of the piers, which should take 
the ice thrust. 

Flashboards require constant attention throughout the winter. Unless the ice 
sheet is kept cut back from the upstream face, the thrust will cause failure. If 
the flashboards leak or if water is allowed to trickle over them, large accumida- 
tions on the downstream face may prevent temporary flashboards from bending 
over as desired or permanent flashboards from being removed. The author be- 
lieves that the compressed-air installation previously described has not been used 
for flashboard ; but it should prove equally successful for this type of crest control. 

8. Controlling Devices for Reservoir Outlets. Controlling devices for reser- 
voir outlets may be divided into two classes by the character of service required 
of them. The first class serv^es those outlets which are operated occasionally or 
periodically and which are ordinarily operated with the opening fully closed or 
fully open. The second class serves to maintain a closely regulated outflow 
through a restricted opening. With low heads, all types of sluice gates are used 
for both classes of service. For higher heads, close regulation is effected through 
valves designed especially for that purpose. 

(a) Sluices, The performance of sluice gates is influenced by the design of the 
sluice as well as the design of the gate. An abrupt change in the relation of the 
velocity and static heads takes place where the sluice is restricted by the gate. 
This causes disturbances in the sluice and frequently produces negative pressures 
and cavitation in the sluice below the gate. Improperly shaped entrances may 
cause disturbances which persist through the sluice, and irregularities in the 
surface of the sluice or gate frame may produce harmful effects. These effects 
may be minimized by proper design of the water passages. 

The entrance to the sluice should be shaped as nearly as possible like that of the 
standard orifice, and the area of the sluice should be reduced gradually between 
the entrance and the control. It is now generally conceded that the sluice, from 
the control to the outlet, should be the same section as the control. Sluices have 
been constructed with increasing section below the control for the purpose of 
regaining some of the velocity head and increasing the discharge. However, a 
large percentage of increase in discharge can be obtained by this means only for 
very low heads, and the practice is objectionable on the grounds that it increases 
the vacuum and hence iacreases the erosion. 

A change of section will invariably be necessary at the control. Consequently, 
if the control is not placed at the extreme lower end of the sluice, the concrete 
below the control must be well protected by a cast iron or steel lining. The lin- 
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ing must be securely anchored to the concrete, and the concrete behind the lining 
must be drained to prevent rupture due to the pressure of seepage from head- 
water. Drainage may be effected by holes through the lining or by porous 
drains placed in the concrete behind the lining. 

If the tailwater below the dam has considerable depth, the maximum capacity 
of the sluice is obtained when it is placed just below the tailwater surface. How- 
ever, in such cases, the sluice control is not accessible for repairs. If the sluice is 
placed above tailwater, some head is sacrificed and leakage water will freeze in 
cold climates. If the tailwater fluctuates sufficiently, the sluice may be placed 
below the water surface corresponding to the river discharge that occurs when the 



Fig. 39A . Sturgeon pool development. Cross-section through discharge valves. United 
Hudson Electric Corporation. 

sluice is ordinarily operated and will then be above water surface most of the 
time. Trouble from freezing can be eliminated by providing at the outlet of the 
sluice a temporary cover which may be removed or washed out when the sluice 
control is opened. 

The entrance to the sluice is usually protected by heavy rack bars, as shown in 
Fig. 39 A, having a clear opening equal to about one-third the small diameter of 
the sluice control. However, some of the logs and trees which are stopped by the 
racks will pass part way through them and may interfere with the closure of the 
sluice if the racks are too close to the control. Therefore the racks should be lo- 
cated 20 to 30 ft above the control, depending upon the length of expected logs 
and trees. Racks are sometimes omitted, particularly for very deep pools.^ ^ 

Provision should be made for closing the upper end of the sluice to facilitate 
removal of the control for repairs. Stop logs are used for this purpose in low 
dams. For high dams, a seat is provided to receive a bulkhead or gate, which is 
lowered from the crest. 

As the inside of the dam is very damp, geared hoists, specially if motor- 
controUed, require constant care to keep them in good condition. Oil-pressure 
cylinder hoists are most adaptable to sluice gates and valves inside the dam, as 
far as cost of maintenance is concerned. 
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Guaxd gates are frequently used in cases where it would be very difficult, on 
account of the great depth of water, to plug the upper end of the sluice for repairs 
to the control or lining. The guard gate, being operated very infrequently, is not 
likely to be damaged. Both slide gates and butterfly valves have been used in 
many installations for this purpose. 

For a very high dam, it is advisable to install outlets at several different eleva- 
tions so that they may be operated successively at relatively low head as the 
water is drawn down in the pond. 

When the control is placed at the downstream end of the sluice, a watertight 
steel lining from headwater to the control is generally desirable. If a complete 



Fig. 40. Single air vent pipe sizes for ring follower and paradox gates (“Dams and Control 
Worka^" by U. S. Dept. Interior, Bureau of Reclamation.) 


lining is not provided, full uplift of headwater should be considered as acting in 
the vicinity of the sluice. 

(6) LocaMon of control. The ideal location for control of discharge, from the 
hydraulic standpoint, would be at the outlet end of the sluice. The surplus 
energy of the discharge would then be expended outside of the structure, and the 
entire sluice would be subjected to positive pressure. Such an arrangement is 
frequently impracticable or uneconomical for structural or other reasons. 

(c) VeriHlaiion. When the control is within or at the upper end of the sluice, 
air must be introduced immediately below the control point to avoid negative 
pressures. Fig. 40 gives the sizes of air vents used by the U. S. Bureau of Recla- 
mation for slide gates. Tests at Tygart Dam showed that slide valves 5 ft 8 in. 
by 10 ft 0 in. operating under a head of 90 ft draw at the rate of 166 cu ft of free 
air per sec under some circumstances. 
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Fig. 42, U . S. Bureau of Reclamation slide gate. 





Fig. 43 . Ring follower emergency gate. {**Dam8 and Control hy U. S. Dept. Interior^ Bureau of Reclamaiion.') 
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Fig. 44. Broome self-closing sluice gate. {Cainlogue No. 28 , Philips & Davies, Inc. 

KerUon, Ohio.) 
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(d) plain sliding gates. A number of styles of plain sliding sluice gates are 
available commercially for controlling sluices of small area and operation under 
moderate heads. In selecting gates of this tj’pe, consideration should be given 
to loads imposed by dynamic effects (water hammer) as well as the static head. 
Fig. 41 shows a typical installation of this kind. 

(e) U. S. Bureau of Reclamatimi slide gate. The U. S. Bureau of Reclamation 
has developed a design of slide gate that has been used successfully for heads up 
to 300 ft. The largest size controls an opening 5 ft 8 in. wide and 10 ft 0 in. 
high. The Bureau recommends this type of gate for regulating purposes for 
heads up to 70 ft. For greater heads, operation only in the fully opened or closed 
position is recommended. 

A typical design for this type of gate is shown in Fig. 42. Frames and gates 
are made of cast iron for lower heads and cast steel for high heads. The gate 
bears upon bronze strips of special analysis which are mounted upon both the gate 
and the frame. The composition of the two contacting strips is slightly differ- 
ent. Gates have been constructed of bronze castings w’here corrosion from acid 
water was anticipated and on the Loyalhanna Dam, near Saltsburg, Pa., the 
fixed parts were built of welded stainless clad steel plate and constructed so that 
all exposed parts of the embedded structure were protected by stainless steel 
surfaces. 

The embedded castings are substantially constructed but depend upon the 
support of the surroimding concrete to resist the water pressure. 

Gates of this type are operated by hydraulic cylinders in line with the gate 
stem. The cylinders are generally made of forged steel and operate on oil at 
pressures between 500 and 1000 psi. 

(/) Ring follower gates. The ring follower gate illustrated in Fig. 43 is essen- 
tially the same as the slide gate except that it is designed for operation in a sluice 
of circular cross-section. When fully opened, the follower ring closes the opening 
in the frame, making a continuous cylindrical water passage. Gates of this type 
are most frequently used as guard gates ahead of needle valves. 

(g) Tractor gates. Tractor type gates differ essentially from plain slide gates 
in that the gate leaf travels upon rollers which are interposed between the bearing 
surfaces. Since the bearing friction is relatively low, the weight of the leaf may 
be used to supply the closing force and the gate may be operated by a simple ten- 
sion member, such as a cable or chain from the top of the dam. For such a 
method of operation, the gate must be moxmted upon the face of the dam or 
in a weU in the mass of the dam. Gates of this type are generally used in 
masonry dams as guard gates in sluices that are normally controlled by pressure 
outlet valves. 

Both caterpillar roller chains and fixed rollers have been used for the bearings 
of tractor type gates. The requirements for design are essentially the same as 
for roller-bearing crest gates described in Art. 5c. 

Since gates which travel upon roller bearings do not make watertight contact 
on the bearing surfaces as do plain slide gates, some separate means of sealing is 
needed. Broome gates travel upon caterpillar roller chains but seat upon metal 
surfaces which are inclined relative to the path of travel, as in Fig. 44. The 
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U. S. Bureau of Reclamation has developed a tractor type gate in which a roller- 
bearing wedge is utilized to move the gate leaf off its seat as the first step in the 
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Fig. 46. Butterfly valve, Tygart Dam, Grafton, W. Va. {U. S. Engineer 
Office, Pittsburgh, Pa.) 


raising operation. For side sealing surfaces that are parallel to the line of travel, 
flexible metallic or rubber seals have been used with low heads, aud the U. S. 
Army Engineers have used solid rubber seals in sliding contact on tractor type 
gates designed for 160 ft of head. 
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(h) Butterfly valves. Circular butteriSy valves have had considerable applica- 
tion, both as guard gates and as operating valves under moderate heads. This 
type of valve has the advantage of requiring relatively small space outside of 
the lines of the sluice. A large torque is required for operation because of the 
reaction of the flowing water, and the disk must be held in position firmly to 
prevent fluttering. 

Fig. 46 shows a hand-operated valve of this type used in a drainage sluice for 
the cushion pool at Tygart Dam with a head of about 22 ft. 



Fig. 47. Dow valve. {From BuU. IIS^ June 19^4, t}y S. Morgan Smith Co., York, 
Pa., and Coffin Valve Co., Neponset, Mass.) 


In the Dow valve shown in Fig. 47, the operating force is applied through 
mechanical linkage rather than through torsion in the valve shaft as in other 
types. 

Fig. 48 shows a butterfly valve developed by the U. S. Bureau of Reclamation 
for high heads. The disk is actuated by a hydraulically operated rotor and held 
in position by a hydraulically operated brake. 

(t) Radial gates. Radial gates have been used mostly for low heads. They 
are essentially the same as taintor gat^ described in Art. 5i, except for the 
addition of a top seal- Radial gates arranged in a position that is reversed to the 
usual taintor gate arrangement, i.e., with the hinge on the headwater side, are 
used for lock valves under heads up to 70 ft. This arrangement places the open 
gate shaft on the upstream side of the closure, where it serves to absorb surge 
pressures. 
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(j) Needle valves. Needle valves are commonly used for regulating discharge 
with heads greater than 50 ft. The flow is discharged through an annular orifice, 
the area of which is controlled an internal plunger. The plunger is actuated 



Fia. 48. Butterfly Talve and rotor. (“DajTis and Control Works'" by U. S. Dept. Interior^ 

Bureau of Redatnation.) 

by headwater pressure and is controlled by a device which automatically retains 
it in position by balancing the water pressures in certain interior chambers. 
Needle valves are usually, and preferably, installed to discharge against atmos- 
pheric pressure without conduits beyond the outlet end. It is sometimes desira- 
ble or necessary to install a valve of this type in an intermediate position in the 
sluice. In this case, an expanding conduit section is installed below the outlet 
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and air is frequently admitted from an annular chamber surrounding the conduit 
close to the outlet of the valve. Needle valves may be damaged from freezing 
when exposed to low atmospheric temperatures, and their working parts require 
some maintenance attention. For these reasons, guard gates are needed in the 
conduit and provisions must be made for draining the valve body and interior 
chambers. 

(k) Lamer-J ohnson valve. An example of the Lamer-Johnson valve is shown 
m Fig. 49. The flow passes through the outer annular passage. In operation. 



Fig. 49. Lamer-Johnson Valve. {Bull. 61, March 1936, 1, P. Morris Division, Baldudn- 
SoiUhwark Corporation, Philadelphia, Pa.) 


Chambers A and B are connected to headwater. A pilot valve (3) in the head of 
the plunger permits the release of water from Chamber A and is actuated by the 
hand control. When the pilot valve is closed enough to restrict the flow through 
the nozzle at the end of the plunger, the pressure in Chamber A is raised and the 
plunger is advanced. Advance of the plunger tends to open the pilot valve, thus 
stabilizing the position of the plunger in accordance with the setting of the 
manual control. Similarly, opening of the pilot valve decreases the pressure in 
Chamber A and retracts the plunger. 

(Z) Internal differential needle valves. The internal differential needle valve, 
as developed by the U. S. Bureau of Reclamation, is shown in Fig. 50. The 
distinguishing feature of this type of valve is an external control valve, known as 
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the “Paradox Control/’ which controls the pressures in the interior chambers. 
The needle valve is divided into three chambers designated as ^4, B, and C. 
Chamber A is drained to atmospheric pressure. To close, conduit pressure is 



Fig. 51. Interior differential needle valve. (“Dams and Control TForAa,” by U. S. Dept. 
Interior y Bureau of Reclamaiion.) 

admitted to Chamber (7, and Chamber B is drained to atmospheric. To open, 
these pressures are reversed. The paradox control is a piston valve arranged on 
the “follow-up valve” principle, i.e., the mechanism is arranged so that, with any 
manual setting, movement of the plunger in either direction wiU readjust the 
control port openings, so as to arrest or reverse the plunger movement. The 


928 


HEADWATER CONTROL 


[Chap. 24 


plunger is in this manner kept close to the position determined by the manual 
setting of the control. When the manual control is moved, the plunger moves in 
the corresponding direction until its position is again stabilized by the readjust- 
ment of the control valve by the “follow-up” mechanism. The Bureau of Recla- 
mation recommends for a conservative value 0.725 for the coefficient of dis- 



Fig. 52. Howell-Bunger valve, {Courtesy S. Morgan Smith Co., York, Pa.) 


charge of this type of valve based on the “nominal” diameter, i.e., the diametei 
of the outlet flange opening. However, this value is approximate, since the 
details of the valve are capable of alteration with resulting alteration in the coef- 
ficient of discharge. 

(m) Interior differential needle valves. The interior differential needle valve is 
a more recent development of the needle valve by the U. S. Bureau of Reclama- 
tion. It differs from the internal differential needle valve in the arrangement of 
the internal chambers, as shown in Fig. 51. The operation is essentially the 
same except that Chamber A is made a pressure chamber and acts with Chamber 
C to close the valve. 
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(n) Howell-Bunger valve. The Howell-Bunger valve, shown in Fig. 52, is de- 
signed for use only at the outlet end of the conduit. In this type of valve the jet 
is divergent instead of convergent as in the needle valve. Therefore its jet is 
dissipated over a very large area with resulting reduction in scour below the out- 
let. 

It consists of a ^^fixed” cylindrical body with a cone-shaped lower end causing a 
flaring discharge which can be closed by the ''movable” cylinder. 

The manufacturer recommends a conservative coefficient of discharge of 0.90. 
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Aaensire Dam, 562 
Aare Dam, 355 

Abrasion tests, coarse aggregate, 618 
Absorptive linings, concrete forms, 613 
Abutments, effect on flow, 365 
Acceleration, earthquake, 247, 279, 330 
Admixtures, concrete, 608 
Aeration, weirs, 256, 257 
Aerial photographs, 8 
Aeroplane mapping, 5, 7, 8 
Aero-projection method, 6 
A-frame, timber dam, 843 
Aggregate, abrasion tests, 618 
batching, 611 
coarse, 606 
cobbles, 608, 611 
derrick stone, 604 
fine, specifications for, 606 
fineness modulus, 606 
gradation of, 607, 609 
light-weight, 618 
maximum sizes, 604, 608 
plum stones, 604 
specific gravity, 610, 617 
tests for, 617, 628 

weight per cubic yard of concrete, 
610 

Air bubbler, 912 
Air vents for gates, 916 
Alamogorda Dam, 778 
Alcova Dam, 778 
grouting of, 90 

Alexander Dam, 660, 778, 790, 792 
Alin, A. L., chute spillways, 208 
Alouette Dam, 792 
Alpme Dam, 350 

AmawaJk Dam, seepage line in, 677, 678 
Ambursen dams, see Buttressed dams 
American Falls Dam, uplift, 265 
Anaglyph maps, 9 

Anchorage, dam to foundation, 278, 296 
for chute spillways, 215 
Angle of internal friction, 274, 619, 620, 
632, 639, 716, 733 
Airjox Dam, 562 


Apishapa Dam, 660, 778 
Apron, 58, 63 
downstream, 71, 72 
sloping, 79 
uplift under, 87 
upstream, 69, 70, 302, 696 
Arch dams, application of, 42 
classification of, 425 
cylinder theory, 425 
angle, best central, 427 
constant angle, 429 
constant radius, 427 
design examples, 427, 429, 431 
overhang, 431 
stresses, 425 
variable radius, 431 
design of, 425 
elastic theory, 434 
angle, best central, 496 
arch dimension, 496 
arch form, 496 
arch forms, special, 486 
circular arch, 487 
cracked arch, 497 
crown deflections, 436, 448, 449 
crown forces, 435, 436, 460, 467, 479 
486, 490, 499, 530 
deformations, 434 

design examples, analytical analy- 
sis, 454 

best shape, 496 
cylindrical arch, 489 
fillet arch, 493 
graphic analysis, 468 
symmetrical arch, 486 
earthquake effects, 284, 452 
elastic center, 482, 487, 489 
fillet arches, 492 
flexure, 436 

foundation deformation, 440 
graphic analysis, 468 
gravity axis, 436 
int^r^ for, 488 
line of pressure, 468 
moment deformation, 436 


Volume I, pages 1-246; Volume n, pages 247-618; Volume HI, pages 619-929 



INDEX 


Arch dams, elastic theory, moment theo- 
rem, 460 
neutral axis, 436 

Poisson’s ratio, 442, 443, 444, 452, 
453, 545 

reactions, statically indeterminate, 
434 

shape, best, 496 
shear, neglect of, 479, 480 
shear deformation, 439 
shrinkage, effect of, 434 
special formulas and diagrams, 490 
stresses, computation of, 468, 489, 
490 

cylindrical arches, 497 
symmetrical arch, 486 
temperature stresses, 434, 439, 450, 
482,483 

three-centered arches, 495 
thrust deformation, 438 
water loads, 453 
weight of masonry, 454 
erosion below spillways, 82 
investigation, A.S.C.E., 279 
list of, 556 

loads, see Loads on da, ms 
multiple arches, 584 
overhang, 431 
steel, 841 

trial load theory, 500 
arch analysis, 524 
arch twisting, 541, 542 
cantilever, tangential loads, 533 
cantilever analysis, 509 to 524 
cantilever deflection, 502, 503, 504, 
513, 520, 521, 524, 530 to 541, 545 
cantilever t's\isting, 538, 545 
cantilevers, broken, 516 
design examples, 505 
earthquake inertia loads, 527 
earthquake water loads, 526 
foundation deformation, 521, 523, 
528 

horizontal elements, 500 
interaction of elements, 502 
kem distance, 513 
load, division of, 504 
loads and deflections, Ariel Dam, 506 
Copper Basin Dam, 504 
Seminoe Dam, 503 
model tests, 551 
photoelastic analysis, 552 
Poisson’s ratio, 545 
recapitulation, 550 


Arch dams, trial load theory, resultant, 
516 

stresses, broken cantilevers, 520 
principal, 547 

tangential deflection, 502, 503, 504, 
505, 532, 533, 534, 536 
trial loads, 500, 503, 504, 505, 506, 
509, 524, 526, 527, 528, 533, 537, 
538, 543 

tTvdst deflection, 538, 542 
twist moment, 538 
unit load for arches, 548 
unit load for cantilever, 550 
uplift, 505, 515, 517 
vertical elements, 500 
triple arch, 602, 603 

Arch equations, cylinder theory, 425, 
426, 427 

elastic theory, fillet arches, 492 
foundation deformation, 440 
integrals for circular arches, 488 
summary, 449 
symmetrical arches, 486 
Arches, fillet, 492 
Architectural treatment, 857 
Ariel Dam, 265, 506, 556 
Arkabutla Dam, 684, 778 
Arnold and Gregory, snow melt, 206 
Arnold Dam, 350 
Arrowrock Dam, 305, 348, 350 
Artesian pressure under dams, 71 
Ash Fork Dam, 834, 836, 837, 838, 841 
Ashley, Carl, rock fill dams, 806 
Ashokan Dam, 350 
Ashokan Dikes, 683, 699, 778 
Ashti Dam, 661 

Asphalt coating for waterproofing, 617 
Asphalt grouting, 52 
Atterburg plastic limit, 620, 761 
Auger, clean out, 19, 28 
earth, 15 

Automatic gates, 898, 901 
Automatic spillway, 882 
Aziscohos Dam, log chute, 868 
Azucar, El, Dam, 778 

Baby dredge, 795 

Backwater curves, 374 

Baffles for energy dissipation, 78, 79, 84 

Bagnell Dam, 353 


Bailey, S. M., floods, 206 
Bainbridge, F. H., steel dams, 836 
Baker, Ira 0., allowable stresses in ma' 
sonry, 300 
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Baker River Dam, 556 
Bakhadda Dam, 808, 831, 832 
Bakhmeteff, B. A., hydraulic jump, 91, 98 
Balsam Dam, 660 
Barker Dam, 350 
Barnes, B. E., floods, 206 
Barnes, George E., tests, hydraulic mod- 
els, 91, 98 
Barossa Dam, 556 
Barren Jack Creek Dam, 556 
Barrett Dam, 350 
Bartlett Dam, 562, 596, 597, 598 
Bartlett's Ferry Dam, 350 
Basins, stilling, 80, 83, 86 
BasseU, Burr, drainage of earth dams, 
683 

Batching, concrete and aggregate, 611 
Bazin, M., weirs, 372 
Beach pipe, 784, 789 
Beach slope, 785 
Beam, pick up, 898 
Beams, flexure in curved, 436 
T-sections, 568 
Bear River Dam, 808 
Bear trap dams, 871, 882 
Bear VaUey Dam, 556 
Beaufield, R. McC., grouting, 90 
Beaver Park Dam, 807, 808, 822 
Bee Tree Dam, 792 

Beggs, George E., model arch dam tests, 
552 

Belle Fourche Dam, 660, 764, 778 

Belt conveyors, concrete placement, 611 

Beni Bahdel Dam, 562 

Bentonite grouting, 51 

Berms on earth dams, 766 

Bernard, Merrill, rainfall, 206 

Bernard, snow-melt, 206 

Bernoulli's theorem, 376 

Bertram, G. C., filters, 688 

Bertram ratio, 689 

Bibliography, earth dams, details, 805 
general principles of design, 714 
stability, 748 
flood flows, 205 

foundations, preparation and protec- 
tion, 90 

headwater control, 929 
hydraulic model tests, 98 
infiltration, 205 
rainfall, 205 
roek-fiU dams, 832 
siphons, 929 
snow-melt, 205 
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Bibliography, soil tests, 654 
steel dams, 841 
Big Creek Dam No. 1, 350 
Big Dalton Dam, 562, 569 
Big Santa Anita Dam, 556 
Big Tujunga Dam, 556 
Bhch Hill Dam, 778 
Bit, chopping, 15 

Bits, improved efficiency of diamond, 
32 

Bituminous coating for waterproofing, 
617 

Black Canyon Dam, 350 
Blackbrook Dam, 3^ 

Blanket, 58, 63, 69, 696 
Bitting, care in, 45 
Bligh's line of creep, 58, 65 
Blow sand, 624, 636, 757, 803 
Blue Ridge Dam, 778, 792 
Bluestone Dam, jet deflectors, 86 
Boca Dam, 778 

Bog Brook Dam, seepage line in, 677 
Bogert, C. L., 305, 356 
Boils, 708 

Bond to foundation, 45 
Bonding earth dams to foundations, 713, 
751, 770 

Benito Dam, 808 
Bonneville Dam, cement for, 605 
fish lock, 866 
fishways, 864 
Boonton Dam, 350 
Borings, accurate data important, 34 
chum, 14 
core, 15, 31, 34 
core barrel, 31, 33 
core recovery, 34 
diamond bits for, 32 
diamond driU, 10, 31 
feeler, inspection with, 36 
of large size, 34 
periscope inspection of, 36 
pressure testing device, 35 
pressure testing of, 36 
program for, 10 
records of, 35 

rotary drilling of overburden, 15 
size of, 33 
wash, 14 

Borrow pit, hydraulic fill analysis, 790 
prewetti^, 769, 771 
Bortz diamond bit, 31, 32 
Boston Soc. C. E., floods, 207 
Bou Hanifia Dam, 808, 830 
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Boulder Daxn, 224, 348, 350, 552, 553, 
554, 862 

Bouquet Canyon Dam, 778 
BowTQan Dam, 808 
Bo^Tnan, J. S., air bubbler, 913 
Boyd’s Comers Dam, seepage line in, 677 
Boz-su Dam, seepage line in, 678 
Brahtz, J. H. A., photoelasticity, 414, 415 
seepage, 90 

Bridgewater Dam, 792 
Bristol Dam, 562 
Broome gate, 920, 921 
Brown, Ernest, ice thrust, 270, 271 
Browming, G. AI., infiltration, 205 
Brule River Dam, uplift, 265 
Bubbler system, 876, 913 
Bucket, 76, 374 
surface finish of, 613 
upturned, 78, 81, 82 

Buckingham, E., model tests, hydraulic, 
98 

Bucks Dam, concrete facing, 808, 818 
BuU Run Dam, 265, 305, 348, 350 
Bullards Bar Dam, 556 
Bulldozers, 751 
Burrowing animals, 712 
Burton Dam, 354 
Butte City Dam, 350 
Butterfly valves, 916, 922, 923, 924 
Buttressed dams, 558 
application of, 41 
buckling of buttresses, 564 
buttress, inclined pressures, 581 
buttress cracks, 569, 593 
Lake Hodges Dam, 593 
buttress design, 565 
buttress form and spacing, 574 
buttress joints, Bartlett Dam, 597, 598 
Possum Kingdom Dam, 569, 850 
buttress pressures, vertical, 580 
buttress reinforcement, 569, 571, 583, 
589, 592, 593, 595, 598 
Lake Hodges Dam, 593, 595 
buttress shear, 582 
buttress spacing, 565, 574 
buttress stability, 579, 587 
buttress stresses, 567, 580, 591 
buttresses, beam stresses, 567 
of uniform strength, 570 
concrete mixes for, 608 
corbels, 575, 577, 578 
cutoffs, 570, 572, 599 
double buttresses, 560, 567, 585, 586, 
588, 589, 598 


Buttressed dams, drains, 572 
earthquake loading, 285, 564 
forces on, 564 

foundation, connection, 570 
soft, 572 
list of, 562 

multiple-arch type, 560, 561 
on earth, 54 

overflow, 572, 583, 592, 593 
round-head buttresses, 560, 561, 597 
slab analysis, 575 
slab and buttress type, 559 
types, 558 

Buttresses, cutoff, earth dams, 713 

Cableways, concrete placement, 611 
Caddoa Dam, 779 

Cain, William, extreme fiber stress arch 
dams, 468 

geometric analysis of shear, 405 
stresses in cylindrical arches, 490, 492 
Cajalco Dam, 778 
Calaveras Dam, 660, 778, 792 
Calden;v^ood Dam, 82, 556 
Calles Dam, 557 
Calyx, 19, 27, 28 
Camarasa Dam, 355 
Camp and Howe, circular weirs, 228 
Campbell (Lane-Price), flow net, 90 
Cantilever type, steel dams, 835 
Cantilevers, 509 to 524 
Capillary fringe, 664 
Carmel Dam, seepage line in, 677 
Carothers, D., elastic theory, 728 
Carpenter Dam, 350 
Casagrande, A., notes on soil testing, 619 
seepage through dams, 665 
seepage through earth foundation, 60 
shear tests, 633 
Castillon Dam, 556 
Castlewood Dam, 808 
Castrola Dam, 662 
Caterpillar gates, 888, 920, 921 
Cave Creek Dam, 562 
Cavitation, of baffle piers, 84 
on spillway aprons, 73 
Cedar River Dam, 350 
Cement, concrete ratio, 277 
specific gravity, 610 
specifications, 605 
tests for, 617 
types, 605 

water-cement ratio, 608, 609, 610 
Center of gravity, trapezoidal section, 512 
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Chadwick, W. L., dajns at high altitudes, 
596 

Chambon Dam, 355 
Chatsworth Park, 808 
Cheat Haven Dam, 350 
Checking of concrete surfaces, 615 
Cheesman Dam, 305, 348, 350 
Chemical grouting, Lewin on, 90 
Cheoah Dam, 350 
Cherokee Bluffs Dam, 352 
Chopping bit, 15 
Christians, G. W., grouting, 90 
Churn drilling, 14 
Chute spillway, 208 
anchorage, 215 
cutoffs, 214 
drainage, 215 
hydraulics of, 216 
joints, 213 
paving, 212 

San Gabriel No. 1, 211 
Tionesta Dam, 208, 209 
Chutes, concrete placement, 611 
Clark, George C., ice thrust, 270 
Classification of soils, 621, 624 
Clay, 623 

consolidation of, 636 
drive sampling of, 16 
foundation bearing power, 302 
grouting with, 51 
samplers for, 17 
tests of, 627 
varved, 19 
Claytor Dam, 351 
Cle Elum Dam, 778 
Clean-out auger, 19 
Clearing for earth dams, 750 
Clendening Dam, 660, 772 
Clyde, G. D., snow-melt, 206 
Coarse sands, consolidation, 635 
Cobble Mountain Dam, 778, 784, 792 
Cobbles, concrete aggregate, 608, 611 
Cochiti Dam, foundation, 69 
Cochran, A. L., floods, 140 
Cochran, V. H., double-walled buttresses, 
567 

Coefficient of discharge, broad-crested 
weirs, 372, 373 
between piers, 365, 372 
curved standard crests, 370 
end contractions, 365 
Francis formula, 364 
gates, partly open, 374 
influence of special details, 370 


CoeflScient of discharge, overflow dams, 
364 

special spillway t>"pes, 370 
standard crests, 367 
submerged spillways, 373 
Coefficient of expansion, concrete, 604 
thermal, 451, 453 
CoeflScient of friction, 295 
various substances, 904 
Coefficient of permeability, 647 
CoeflScient of sliding, 295 
Cogoti Dam, 808 
Cohesion, definition of, 619 
Cohesionless materials, sampling of, 27 
Cohesive material, suitability of, 37 
Colloidal material, 38, 622, 793 
Colorado Springs Dam, 661 
Colu mns , slab and column dams, 603 
Combamala Dam, 562 
Compaction, degree of, definition of, 620 
excessive, 755 
pervious material, 757 
Composite earth dam, seepage line, 672 
Compressed air tampers, 758 
Conchas Dam, 10, 38, 305, 348, 351, 859 
Conchas Dikes, 769, 778 
core analysis, 771 
ConconuUy Dam, 790 
Concrete, admixtures, 608 
batching and mixing, 611 
composition, 604 
Florence Lake Dam, 595 
for various uses, 608 
Lake Hodges Dam, 593 
contraction, 604 
cracking of, 615 
curing, and protection, 613 
effect on durability, 616 
cutoff, 47, 70 
density, 616 

durability, 604, 606, 608, 609, 613, 
615, 616 
expansion, 604 
facing, rock £01 dams, 818 
fineness modulus of a^r^ate, 606 
forms, 612 

freezing and tha^ving, 605, 614, 616, 618 
Florence Lake Dam, 595 
heat generation, 604 
lift, height of, 613 
joints in, 614 
mixers, 611 
mixes, 608, 609 
modulus of elasticity, 452 
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Concrete, permeability, 608, 613, 615 
placing, 611 
plastic flow, 452 
Poisson’s ratio, 452 
porous, for slope protection, 764 
protection of, 613 
reinforcement, see Reinforcement 
shrinkage, 451 
slump, 609 

specific gravity of ingredients, 610, 618 
specifications, 605 
strength of, 300 
stresses allowable, 300 
structural quality, 604 
surface cracking, 615 
surface finish, 613 
temperature changes, 615 
control, 615 
variation, 450 
testing, 604, 617 

thermal coeiBEicient of expansion, 451 
transportation, 611 
vibration, 611 

water-cement ratio, 608, 609, 610 
waterproofing, 616 
weight of, 277, 328, 454 
weight of ingredients, 610 
Concrete aggr^ate, coarse, 606 
fine, 606 

gradation, 607, 609 
requirements, 604, 606, 608 
Concrete dams, application of, 41 
architectural treatment, 857 
foundation drainage, 53 
gravity, application of, 41 
height on earth, 54 
horizontal joints, 848 
joints, spacing of, 851 
ke5wi’ay, 852 
longitudinal joints, 855 
temperature control, 848 
water stops, 853 

Concrete lining for upstream slope, 763 
of square concrete blocks, 764 
Concrete material, tests of, 628 
Conduits through earth dams, 710 
Conklingville Dam, 778, 792 
Conowingo Dam, ^1 
Consolidation, 633 
clay, 636 
curves, 638 
device, 637 

effect on shear strength, 639 
fine sands, 634 


Consolidation, grouting, 53 
shear strength curve, 639 
significance of, 633 
silt, 636 
time of, 640 
void ratio curve, 641 
Constant-angle arch dam, 429 
Constant-radius arch dam, 427 
Construction joints, 298 
Construction methods, 304 
for earth dams, 749 

Construction materials for earth dams, 
656 

Contents, of concrete gravity dams, 349, 
400 

of earth dams, 775 
Contour interval, 5, 9 
Contours, 7 

Contraction of concrete, 604 
Control, spillway, 870, 871 
Control of temperature, in concrete 
dams, 848 

Controlled crests, overflow dams, ice on, 
399 

Controlling devices, outlets, 914 
Conveyors, belt, for concrete placing, 611 
Coolidge Dam, 562, 601, 603 
Cooling of dams, 615 
Coordinate system, 9 
Copco Dam No. 1, 351 
Copper Basin Dam, 504, 556 
Coquilla Dam, seepage line in, 678 
Corbels, buttresses, 575, 577, 578, 584 
Core, care of samples of, 34 
Conchas Dam analysis, 771 
desirability of narrow, 793 ’ 
drilling for grouting, 50 
Fort Peck Dam, 798 
lenses in shell, 796 
location in rock fill, 829 
mechanical analysis of, 792, 793 
minimum width, 794 
pool depth, 786 
pool operation, 786 
recovery of, 34 
removal of sand lenses, 795 
sand lenses in, 794 
size of, 33 
tightness of, 794 
Core barrel, 31, 33 
Core boxes, 35 
Corewall, 698 
expansion joints, 701 
rockfill dams, 823 
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Concrete, permeability, 608, 613, 615 
placing, 611 
plastic flow, 452 
Poisson’s ratio, 452 
porous, for slope protection, 764 
protection of, 613 
reinforcement, see Reinforcement 
shrinkage, 451 
slump, 609 

specific gravity of ingredients, 610, 618 
specifications, 605 
strength of, 300 
stresses allowable, 300 
structural quality, 604 
surface cracking, 615 
surface finish, 613 
temperature changes, 615 
control, 615 
variation, 450 
testing, 604, 617 

thermal coefficient of expansion, 451 
transportation, 611 
vibration, 611 

water-cement ratio, 608, 609, 610 
waterproofing, 616 
weight of, 277, 328, 454 
weight of ingredients, 610 
Concrete aggr^ate, coarse, 606 
fine, 606 

gradation, 607, 609 
requirements, 604, 606, 608 
Concrete dams, application of, 41 
architectural treatment, 857 
foundation drainage, 53 
gravity, application of, 41 
height oh earth, 54 
horizontal joints, 848 
joints, spacing of, 851 
keyw^ay, 852 
longitudinal joints, 855 
temperature control, 848 
water stops, 853 

Concrete ii^g for upstream slope, 763 
of square concrete blocks, 764 
Concrete material, tests of, 628 
Conduits through earth dams, 710 
ConklingviUe Dam, 778, 792 
Conowingo Dam, 351 
Consolidation, 6^ 
clay, 636 
curves, 638 
device, 637 

effect on shear strength, 639 
fine sands, 634 


Consolidation, grouting, 53 
shear stren^h curve, 639 
significance of, 633 
silt, 636 
time of, 640 
void ratio curve, 641 
Constant-angle arch dam, 429 
Constant-radius arch dam, 427 
Construction joints, 298 
Construction methods, 304 
for earth dams, 749 

Construction materials for earth dams, 
656 

Contents, of concrete gravity dams, 349, 
400 

of earth dams, 775 
Contour interval, 5, 9 
Contours, 7 

Contraction of concrete, 604 
Control, spillway, 870, 871 
Control of temperature, in concrete 
dams, 848 

Controlled crests, overflow dams, ice on, 
399 

Controlling devices, outlets, 914 
Conveyors, belt, for concrete placing, 611 
Coolidge Dam, 562, 601, 603 
Cooling of dams, 615 
Coordinate system, 9 
Copco Dam No. 1, 351 
Coppei* Basin Dam, 504, 556 
Coquilla Dam, seepage line in, 678 
Corbels, buttresses, 575, 577, 578, 584 
Core, care of samples of, 34 
Conchas Dam analysis, 771 
desirability of narrow, 793 ■ 
drilling for grouting, ^ 

Fort Peck Dam, 798 
lenses in shell, 796 
location in rock fill, 829 
mechanical analysis of, 792, 793 
minimmn width, 794 
pool depth, 786 
pool operation, 786 
recovery of, 34 
removal of sand lenses, 795 
sand lenses in, 794 
size of, 33 
tightness of, 794 
Core barrel, 31, 33 
Core boxes, 35 
Corewall, 698 
expansion joints, 701 
rockfill dams, 823 
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Counterweighted gates, 898, 902 
Cove Creek Dam, 353 
Cracks, arches, 497 
buttresses, 569, 593 
concrete dams, 848, 856 
concrete structures, 615 
Lake Hodges Dam, 593 
Crane, Albert S., mechanical analysis, 793 
Crane, gantry, 899 

Creager, W. P., extension of Bazin’s 
data, 358 

flood flows, 100, 125, 132 
floods, 207 

horizontal velocity components of 
overflow, 257 

influence of silt deposits, 263 
shape of crest, 357, 364 
shearing strength of dams, 269, 297 
top width of non-overflow dams, 307 
Creep, line of, 58, 65, 696, 703, 709 
bibliography, 90 
Crest control, 871 

Crest gate, heating of, 871, 884, 912, 913 
operation, 896 
weight, 906 

Crests, ogee, surface finish, 613 
Crib, rock-fill dam, 816 
Critical density, 636, 757 
Critical depth, spillway intakes, 371 
Crocodile River Dam, 556 
Crosby, I. B., geology, 90 
Cross Cut Dam, drainage, 71 
Cross River Dam, 351 
Croton Falls Dam, 351 
Crown deflections, elastic arches, 436, 
448, 449 

Crown forces, elastic arches, 435, 460, 
467, 479, 486, 490, 499, 530 
Crystal Springs Dam, 353 
Cucharas Dam, 808 
Cummum Dam, 778 
Curing of concrete, 613 
effect on durability, 616 
Curtain grouting, 48 
Cushman Dams, 556 
Cutoff, 47, 262, 693 to 701 
anchorage, 296 
buttress dams, 570, 572, 599 
buttresses, earth dams, 713 
chemical grouting, 70 
chute spillways, 214 
concrete, 47, 70 

control of uplift or underflow, 267, 268, 
670, 572 


Cutoff, dams on earth, 70 
downstream, 72 
grouted, 47 
partial, 695 

prevent sliding, 55, 296 
rock-fill dams, 806 
Rodriguez Dam (300 feet), 570 
seepage, 695 

steel sheet piling, 70, 302, 694 
upstream at John ]\iartin Dam, 768 
walls, 701 
wood piling, 70 

Cutting edge, diameter of, 21, 23 
Cylinder theory for arch dams, 425 

Dams, arch, see Arch dams 
buttressed, see Buttressed dams 
concrete, see Concrete dams 
earth, see Earth dams 
hollow, see Buttressed dams 
list of existing, arch, 556 
buttressed, 562 

composite rock-fill and earth, 810 
earth, 778 
gravity, 305, 350 
rock-M, 808 

list of failures, earth, 660 
safety of, first consideration, 40 
short life, 40 
steel, see Steel dams 
timber, see Timber dams 
Dai^erous circle analysis, abbreviated 
method, 738 
by slices, 735 
failure bdow toe, 734 
failure through toe, 732 
Darcy, H., 647 
Darcy formtila, 647 
Davis, Albion, spillway discharge, 366 
Davis, A. P., irrigation engineering, 356 
Davis, C. V., applied hydraulics, 98 
Davis Bridge Dam, 779, 790, 792 
flat-crested shaft spillway, 236, 237 
permanent flashboard, 877 
Davis Reservoir, 661 
Dean, J. P., hydraulic model tests, 98 
Debris Barrier No. 1 Dam, Yuba River, 
661 

Debris dams, earth and silt pressure, 272 
Deck girders, steel dams, 8^ 

Deer Creek Dam, 778 
Definitions, soil mechanics, 619 
Deformation, cantilever, 502, 512, 523, 
528, 529, 534 
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Deformation, elastic, in arches, 434, 435 
foundation, 440 
moment, arch dams, 436 
shear, arch dams, 439, 479, 480 
thrust, arch dams, 438 
twist, arch dams, 538, 542 
Denison Dam, 778 
Density, concrete, G16 
critical, 636, 757 
definition, 621 
effect on permeability, 650 
method of determining, 760 
required for rolled fill, 760 
various moisture contents, 643, 644 
Dentated end sills, 84 
Depletion curves, ground water, 157 
Depth duration, 181 
Depth of core pool, 786 
Derrick stones, concrete aggr^ate, 604 
Design of earth dams, bibliography of, 
714 

gravity dams, general, 306, 313, 357 
head, discharge for, 367 
standard crest, 357 
storm, 180 

Devil's Gate Dam, 351 
Dewell, H. D., earthquake acceleration, 
279 

Diablo Dam, 556 

Diamond bits, improved efficiency of, 
32 

Diamond drilling, 10, 31 

Dillman, 0., coefficient of discharge, 369 

Direct shear machine, 629 

Discharge capacity, overflow dams, 364 

Discharge formula, 364, 368 

Distortion of undisturbed samples, 17, 18 

Diversion dams, silt above, 272 

Dix River Dam, 808, 811, 815, 820 

Dodder Dam, 778 

Dodge, Russell A., fluid mechanics, 259 
Dolson, Fred O., frost action, Gem Lake 
Dam, 585 

Don Martin Dam, 562, 599, 600 
Don Pedro Dam, 351 
Dore, Stanley M., 651 
Dover Dam, 351 
Dow valve, 923 

Downstream rock protection, Qendening 
Dam, 773 

Conchas Dikes, 770 

Downstream slope protection, earth 
dams, 766 

Drainage, Arkabutla Dam, 684 


Drainage, chute spillways, 215 
earth dams, 682 
effect on seepage line, 685 
foundations, 53 
Tabeaud Dam, 682 
Drainage w'ells, Arkabutla Dam, 684 
Drains, blind, 713 
buttressed dams, 572 
control of uplift, 263, 296 
dams on earth, 71 
pile foundations, 302 
pipe, 686 

Kingsley Dam, 687 
Sardis Dam, 688 
position of, 693 
rock, 689 
foundations, 53 
Draw’down, analysis for, 740 
Dredge, baby, 795 
Dredges, suction, 784 
Drew^'s Dam, 808 
timber facing, 816 
Drilling, see Borings 
Drive sampling of clays and silts, 16 
Druids Lake Dam, 779 
Drum gates, 871, 878, 880 
overflow dams, 398 
Dry density, definition, 621 
Dry weight, 760 

du Pont, R. B., on circular w^eirs, 228 
Dumped riprap, 761 

Durability, of concrete, 604, 606, 608, 
609, 613, 615, 616 
of steel dams, 841 
Dw^innell Dam, 792 
Dynamic effect, tailwater, 259 
Dynamic forces on dams, 255 

Earth, angle of internal friction, 274, 
619, 620, 632, 639, 716, 733 
augers, 15 
dry weight, 273 
foundation, 268, 296, 300, 302 
pressure on dams, 272 
submerged weight of, 273, 719, 721 
Earth dam, abbreviated method for 
dangerous circle, 738 
analysis for drawdowm, 740 
application of, 42 
bibliography on details, 805 
principles of design, 714 
stability, 748 


bonding to foundations, 713, 751, 770 
buttresses, 713 
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Earth dam, clearing, 750 
composite, seepage line, 672 
conduits through, 710 
construction, importance of careful, 750 
methods, 749 
contents, 775 
criteria for design, 662 
cutoff walls, 70, 701 
dangerous circle analysis, 732, 734 
by slices, 735 

design for available material, 657 
details, 749 
drainage in, 682 
elastic theory, foimdation, 728 
equipment improvements, 749 
equivalent liquid pressure, 722 
factor of safety, hydraulic fill, 747 
failure, 662 
table, 660 
filters for, 688 
flotation gradient, 706 
flow net, 670 
foundation of, 53, 656 
shear, 725 

hydraulic fill, formula, Gilboy, 744 
safety during construction, 783 
list of, 775 

piezometer pipes, *^05 
pipes through, 710 
piping, 708 

plastic foundation, 731 
pressure cells, 704 
quick sand foundation, 706 
rolled fiU, 753 

rolled layers, depositing, 754 
safety, against foundation shear, 727 
against overtopping, 663 
against shear, 719, 720 
against sudden drawdown, 723 
safety requirements, 662 
seepage, 663 

seepage line, 664, 672, 675, 677 
determination of, 665 
in composite structure, 672 
in existing, 677 

shear, in downstream portion, 717 
in hydraulic fill, 744 
in plastic foundation, 731 
in upstream jx)rtion, 718 
settlement, 758 
stability, 715 

against headwater pressure, 716 
hydraulic fill, 742 
numbers, Taylor, 737 
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Earth dam, stability, rough methods of 
determining, 715 

Swedish geophysical method, by, 731 
stripping, 750 
trimming of slopes, 759 
upstream blankets, 696 
Earth foundations, piping, 61, 708 
recommended design, 68 
uplift, 63 

Earthquake acceleration, 247, 279, 330 
Earthquake forces, 527 
arch dams, 452, 526, 527 
buttressed dams, 285, 564 
direction of, 284 
discussion, 279 
fault movements, 285 
ice and silt, 285 
masonry inertia, 281 
resonance, 281 
Rossi-Forel scale, 280, 281 
uplift, 284 

vibration periods, 282 
water load, 282, 284, 330, 526, 564 
East Canyon Dam, 808 
East Park Dam, 351 
Echo Dam, 779 
Eddy, H. P., Jr., floods, 207 
Eel River, 351 

Effective size, sand, definition, 620 
El Capitan Dam, 779 
El Fuerte Dam, 355 
Elastic arches, 434 
Elastic center, 482, 487 
Elastic theory, 434 

for foundation shear, 728 
Electrical analogy, model test, 57, 671 
Electrical resistivity prospecting, 12 
Electrolytic determination of permeabil- 
ity coefficient, 653 

Elephant Butte Dam, 305, 351, 858, 859 
profile, 330, 348 

Embankments, application of, 42 
in layers, building, 753 
weaving, 754 
wetting, 754 

Emergency spillways, 243 
End contractions, overflow dams , 365 
End sills, 84 
dentated, 84 

Energy dissipation, arch dams, 82 
baffles, 77, 78 
below spillways, 74 
jet deflectors, 86 
low dams, 83 
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Energy dissipation, sloping aprons, 79 
Engineering Foundation, 16 
Englewood Dam, 791, 792 
English Dam, 808 

Equipment improvements, effect of, 749 
Equivalent liquid pressure, 722 
Equivalent liquid weight of core, 743 
Erosion, a cause of failure, 293 
timber dams, 846 
below spillways, 73, 82, 86 
baffle piers, 78 
causes of, 73 
cavitation, 84 
end sills, 84 

general requirements of control, 76 
jet deflectors, 86 
low dams, 83 
sloping aprons, 79 
upturned bucket, 81 
Erosion control, 76 
end sill, 78 
stilling pool, 77 
Escape gradient, 707, 708 
Escondido Dam, 808 
Estimating diagram, gravity dams, 349, 
400 

Euclid, 753 
Exchequer Dam, 351 
Expansion, thermal, coefficient, for con- 
crete, 451 
for stone, 453 
steel dams, 838 
Expansion of concrete, 604 
Expansion joints, concrete facing of rock- 
fiU dams, 818 
in corewalls, 701 
Experiments, hydraulic, 98 
Exploration, subsurface, 9, 10 
chum drilling, 14 
earth augers, 15 
electrical, 12 
methods of, 12 

rotary drilling of overburden, 15 
seismic, 12, 39 
test pits, 13 
wash borings, 14 
Explosion wave method, 39 

Facing, concrete, rock-fill dams, 816, 817, 
818 

Factor of safety, against foimdation 
shear, 727 

hydraulic fill, 744, 747 
Fadum, R. E., 633 


Fahlquist, Frank E., 624 
Fahlquist sampler, 27, 28 
Failure, Belle Fourche Dam, concrete 
facing, 764 

below toe, dangerous circle analysis, 734 
chute spillways, of, 210 
Clendening Dam, 772 
dams, causes of, 293 
earth dams, 662 
table, 660 
Tappan Dam, 756 

through toe, dangerous circle analysis, 
732 

Fargo Engineering Co., 913 
Faults, earthquake movement on, 285 
Faure, Henry, Boulder Dam, spillway 
tests, 98 

Feagin, L. B., 55 
Feeler inspection of borings, 36 
Fetch, 274, 276 
Field laboratory, 626 
Field tests, 37, 760 
Fifteen Mile Falls Dam, 351 
Fillet arches, 492 
Fillets in comers, 414 
Filter, for earth dams, 688 
gradation, 688 
position of, 693 
required thickness, 692 
Filter drains, 71, 72 
imder aprons, 88 
Fine sands, tests of, 627 
Fineness modulus, concrete aggregate, 
606 

Fines, wasting, 793 
Fish, ladders, 863 
lifting, 865, 866 
lock, ^5 
protection, 862 
Fishways, 862 
Fixed roller gate, 871, 889 
Flashboard pins, failure stress, 872, 873, 
875 

Flashboards, 871 
ice against, 876 
on overflow dams, 397 
permanent, 876, 877, 878 
Flexural stresses, dam foundation, 288 
Flexure, curved beams, 436 
Fiinn, A. D., arch dam investigation, 279 
'Water Works Handbook,” 305 
Flood, characteristics, 128, 130 
control economics, 131 
flows, 99 
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Flood, formulas, 139 
frequency studies, 131 
defects in, 135 
hydrographs, 140, 157 
natural, 155 
subdivision of, 157 
probability curves, 136 
symposium, Am. Soc. C. E., 207 
Floods, accuracy of estimates, 203 
Am. Meteorological Soc., 207 
basic stage method, 132 
bibliography, 205 
coefficient of variation, 134, 136 
depletion curves, 157 
effect of forests, 129 
effect of physical characteristics, 128 
effect of snow, 130 
effect of v^etation, 129 
emergency spillways, 243 
freeboard, 201, 203 
ground-water depletion, 157 
h 3 rpothetical hydrographs, 192 
infiltration, 143 
index, 145 
initial loss, 145 
lag, 100 

margin of safety, 201, 204 
peak, 99, 139 

physical characteristics, 128 
physical indication of, 137 
publications of record, 123 
rainfall depth-duration, 181 
recession curves, 156 
record of history, 99 
reservoir inflow, 177 
routing, 195, 196, 198, 200 
runoff, 155 
S-curves, 167 
snow, 186 

spillway design flood, 204 
storage effect on, 128 
surcharge storage, 202 
synthetic unit hydrograph, 162, 169 
table of, 101 
Thiessen polygons, 154 
transposed storms, 185 
unit hydrograph, 158, 160, 162, 170, 
173, 175 

unit r ai-nfall duration, 158 

unit storms, 159 

unusual, 101 

valley storage, 129 

variation, coefficient of, 100 

yearly flood method, 132 
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Florence Lake Dam, 562, 566, 595 
Floris, A., uplift pressures, 266 
Flotation gmdient, 706 
Flow, plastic, 452 
types of, 93 

Flow net, 55, 64, 262, 668 
bibliography, 90 
in earth dams, 670 
in foundation, 669 
porous foundation, 261 
Folse and Hayiord, flood factors, 139 
Forces on dams, 247, 252; see also Loads 
on dams 

Fordyce Dam, 808 
Forests, effect on floods, 129 
Forms, concrete, 612 
Fort Peck Dam, 27, 70, 660, 779, 791, 
793, 795, 797 

Foster, H. A., flood flows, 134 
Foum-El-Gueiss Dam, 808 
Foundation, 55 
bearing strength, 300, 302 
bibliography, 90 
bond, 45 

bonding earth dams to, 713, 751 
Conchas Dike, 770 

buttressed dams, connection with fac- 
ing, 570 
on soft, 572 
cutoff, 693, 694, 695 
effect on seepage, 693 
for rock-fill dams, 806 
dam anchorage to, 278 
defects, treatment of, 46 
definition of, 44 
deformation, 463 

arch dams, cantilevers, 521, 523, 528 
constants, 462 
effect on elastic arch, 434 
equations and constants, 440 
n^ect of, 481 
significance of, 468 
drainage, 53 

earth, 53, 268, 296, 300, 302 
beming strength of, 54, 302 
limiting height of dam, 54 
piping, 61, 708 
recommended design, 68 
roofing, 54 
seepage through, 59 
sliding on, 54 
strength of, 54 
uplift, 63 
earth dams, 656 
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Foundation, engineering, 16 
flow net, 669 
pouting, 48, 262, 296 
inclined stresses, 301 
material, tests of, 628 
modulus of elasticity, 442, 629 
permeability of, 57 
piles, 54, 55, 302 
preparation of, 44 
pressure, 288 
protection of, 44 
reaction, elastic effects, 286 
equations for vertical pressures, 288 
horizontal, 292 
irregular bases, 290 
law of middle third, 291 
rectangular bases, 290 
stability requirements, 291 
static requirements, 286 
trapezoidal form, 287 
Tvdth uplift, 290 
rock, care in blasting, 45 
leakage through, 47 
suitability of, 37 

seams, effect on underflow and uplift, 
263 

shear strength, 269, 292, 297 
shearing stresses in, 725 
sliding coefficient, 295 
steel dams, 840 
stratified, 296 
strength of, 300 
stress, concentrations, 415 
Grand Coulee Dam, 415, 416 
Morris Dam, 415 

test of bond to Conchas Dam, 770 
test of strength, 301 
timber dams, 846 
toe protection, 53 
treatment, 44, 46 
Grand Coulee, 45 
uplift, 63, 264 
weight, 278 

Fowler, F. H., circular arches graphic 
methods, 490, 492 

Francis, J. B., weir dischaj^e, 364, 365, 
366, 368 

Francis's formula, 364, 365 
Franklin Falls Dam, 779 
Free, G. R., infiltration, 205 
Freeboard, 201, 203, 274, 276, 313, 663, 
822 

rock-fin dams, 822 
Freeman, John R., earthquake, 281 


Freeman, John R., ^‘Hj^draulic Labora- 
tory Practice," 92, 98 
Freezing and thawing concrete, 614, 616, 
618 

Freezing method of sampling, 27 
Freezing of crest gates, 912 
French Lake Dam, 808 
Frequency studies, floods, 131 
Friant Dam, 351 
cement for, 605 

Friction, coefficient of, 295, 904 
combined with shear, 297 
ptes, 903, 904, 905 
internal, 619 

angle of, 274, 619, 620, 632, 639, 716, 
719 to 728, 733 to 748 
resistance to sliding, 294 
Friction loss in sluicing pipes, 787 
Frost damage, buttressed dams, 585, 595 
Froude number, 92, 93, 94 
Frozen plug, use of, in sampling, 28, 31 
FuUer, W. E., flood flows, 100, 125, 207 

Galleries, 422 

Galloway, J. D., rock-fill dams, 811 
Gantry crane, 899 
Garza Dam, 791 
Gate, air vents, 916 
automatic, 898, 901 
spillway, 882 
broome, 920, 921 
butterfly, 916, 922, 923, 924 
caterpillar, 888, 920, 921 
counterweighted, 898, 902 
crest, 871, 884 
discharge coefficient, 374 
Dow valve, 923 
drum, 398, 871, 878, 880 
fixed roller, 871, 889 
forces to operate, 905, 906 
friction, 903, 904, 905 
guard, 915 
hoist, 896, 897 
ice troubles at, 911 
location for sluice, 916 
Reclamation Service, drum gate, 880 
slide gate, 921 
ring follower, 919, 921 
roller bearing, 871 
rolling, 871, 894 
seals, 898, 902, 903, 921 
sector, 881 
Sidney, 894 

slide, 871, 916, 917, 918, 921 
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Gate, sluice, 917, 929 
Stauwerke, 884 
Stickney drum, 878 
stoney, 885 

taintor, 871, 891, 892, 893 
tilting, 871, 884 
tractor, 920, 921 
truck mounted, 871, 891 
ventilation of, 916 
wheeled, 920 

Gatun Dam, 10, 11, 81, 779 
Gem Lake Dam, 562, 585 
Genissiat Dam, 355 
Geologic investigations, 9 
Geolo^c sections, 10 
Conchas Dam, 10 
Gatun Dam, 10, 11 
Geologist, 10 
Geology for dams, 38 
Geophysical foundation study, 39 
Germantown Dam, 791, 792 
Ghrib Dam, 808, 830 
Giant for sluicing, 783 
Gibbs, E, F., tests, hydraulic model, 98 
Gibson, A. H., tests, hydraulic, model 
studies, 98 
Gibson Dam, 556 
uplift, 265 
Gilboa Dam, 351 

Gilboy, Glennon, hydraulic fill formula, 

744 

rock-fill dams, 829 
Gilchrest, B. R., floods, 206 
Glacial deposits, for hydraulic fill, 791 
Gleno Dam, 562 
Glenville Dam, 810, 825 
Glines Canyon Dam, 556 
Glover, R. E,, heat flow in dams, 450 
Goodall, George, on inclined arch 
stresses, 585 
Goose Creek Dam, 779 
Grand Coulee Dam, 45, 81, 305, 348, 351, 

415 

Granite Reef Dam, 59, 68 
Graphic analysis, elastic arch, 468 
Grass for slope protection, 766 
Grassey Lake Dam, 779 
Gravel, 624 

concrete aggr^ate, 609, 610 
foundation, bearing power, 302 
suitability of, 37 
tests of, 627 

Gravelly Valley Dam, 351 
Graves, Q. B., ‘‘Flood Routing,” 206 
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Gravity acceleration g, 248, 256, 279 
Gravity axis, arch dams, 4^ 

Gravity dams, block depths, 329 
compressive stresses, 299 
design, general, 306, 307, 308, 309, 310, 
311, 312 

multiple-step, 345 
earthquake forces, 330 
existing, uplift, 265 
freeboard, 309, 313, 338 
nonoverflow, comparison of sections, 
330, 346, 347, 348 
design of, 306. 313 
estimating curves, 349 
examples, 313, 330, 337 
ice pressure, 315 
list of existing, 350 
practical profile, 329 
stability requirements, 293 
top details, 306, 314, 331 
zones, 309, 314, 331, 337 
overflow, comparison of, 399 
controlled crests, 397 
crest gates, discharge, 374 
design, 306, 357 
examples, 377, 385, 391 
head, 258, 357 
discharge, 364 
coefl6cient, 364, 372, 373 
formula, 364, 368 
drum gates, 398 
djmamic forces, 259 
end contractions, 365 
estimating diagram, 400 
flashboards, 397 
flow over crest, 258, 357, 392 
ice loads, 385 

ice on controlled crests, 399 
jet, adherence of, 361 
jet velocities, 364 
list of existing, 305, 350 
practical profile, 384 
pressure on crest, 258 
reinforcement for ice pressure, 386 
shape of crest, 357, 377, 393 
special crest details, 361, 370, 397 
stability, with crest gates, 364, 397 
stability requirements, 293 
standard crest, 357 
stresses, crest, 384, 386 
submerged, 372 

surface finish, crests and buckets, 
613 

tailwater reaction, 259 
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Gravity dams, overflow, top details, 380, 
388, 395, 397 
zones, 311, 378 
practical profiles, 329, 384 
safety factor, 303 
shear, 405, 411 
stability requirements, 293 
stresses, base, 413, 415 
compressive, 299 
existing dams, 304 
faces, 404 
foundation, 288 
interior, 401 
margin of safety, 303 
numerical values, 385, 391 
oblique planes, 402 
openings, at, 418 
principal, 402 
secondary, 401 
tension, 302 

theoretical cross-sections, 306 
top details, 306, 314, 331, 380, 388, 395, 
397 

triangular section, 306 
zones, 309, 311, 314, 331, 337, 378 
Green, W. E., reservoir temperatures, 451 
Green Moimtain Dam, 779 
Greenlich Dam, 661 
Gr^ory (with Arnold), runoff, 206 
Grimsel Dam, 355 

Groat, Benjamin F., hydraulic model 
tests, 98 

Ground control for multiplex mapping, 7 
Ground-water depletion, 157 
Grout holes, 50 
Grouted cutoff, 47 
Grouting, 262, 296 
asphalt, 52 
bibliography, 90 
chemical, 70, 90 
consolidation, 53 
curtain, 48 

foundation, Lahontan Dam, 49 
longitudinal joints, 856 
in stages, 49 
mixtures, 50 

of seams, 48, 49, 50, 51, 52 
pressures, 51 
rock foundation, 48 
uplift caused by, 51 
with bentonite, 51 
with clay, 51 

Growdon, J. P., earth core rock fill, 825 
Guajabal Dam, 562 


Guard Gates in sluices, 916 
Guernsey Dam, 779 
Gulf Island Dam, 351 
Gumensky, D. B., 374, 425 

Hamilton Dam, 562 
Hanna, Frank W., dams, 356 
Hansen Dam, 779 
Harriman Dam, 779 
Harrison, C. L., ice pressures, 271 
Harza, L. F., EHx River Dam, 811 
uplift and seepage, 90, 261, 671 
Hathaway, G. A., floods, 140, 206 
Hatchtown Dam, 661 
Hauser Lake Dam, 351, 834, 839 
Hawley, George W., *‘900 Dams In- 
spected,” 356 

Hayford and Folse, flood factors, 139 
Hays, J. B., grouting, 90 
Hazen, Allen, core material, 793 
floods, 125, 132, 135, 206 
Head loss in sluicing pipe, 787 
Headwater control, bibliography, 929 
Hebron Dam, 661 
Heel trench, 45 

Heilbron, Carl H., Jr., arch dams, 425 
Hemet Dam, 351 

Henny, D. C., stability of dams, 266, 297 
Henshaw Dam, 790, 792 
Hetch Hetchy Dam, 353 
Hill, H. M., flow net, 90 
Hinds, Julian, canal headgate discharge, 
374 

side channel spillwaj?^, 217, 218, 224 
Hiwassee Dam, 305, 330, 348, 352, 615, 
856, 861 

Hodges, flood flows, 125 
Hoffman Dam, 792 

Hogan, M. H., tests, hydraulic models, 98 
Hoist, gate, 897 
oil pressure, 915 

Hollow Dam, see Buttressed da, ms 
Holmes, H^lan B., fishways, 862 
Holter Dam, 352 
Hoopes Dam, 352 
Horizontal piping, 709 
Horse Creek Dam, 661 
Horse Mesa Dam, 556 
Horseshoe Dam, 585 
Horton, R. E., floods, 137 
infiltration, 205 
snow-melt, 206 
values of Kutter’s n, 138 


weir experiments, 364, 370, 372, 374 
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Houk, Ivan E., arch dams, 499, 505 
design assumptions, masonry dams, 
298 

rainfall, 207 

uplift pressure in masonry dams, 264 
Howe (^ith Camp), circular weirs, 228 
Howell-Bunger vdve, 928 
Hoyt, W. G., runoff, 206 
Huber, Walter L., frost action, Gem 
Lake Dam, 585 
Hume Dam, 779 
Huntington Dam, 352 
Hvorslev, Dr. M. Juul, sampling, 16 
Hydraulic electric analogy, 671 
Hydraulic fill dam, 782, 783 
analysis, 746 
borrow-pit analjrsis, 790 
formula, Gilboy, 7M 
lenses, recommended requirements, 
797 

materials suitable, 791 
stability, 742 

unifomiity coefficients of shells, 791 
Hydraulic jump, 75, 77 
on sloping aprons, 79 
overflow dams, 3% 

Hydraulic models, 91 
Hydraulic similitude, 92 
examples of, 95 

Hydraulicking, suitability of material for, 
38, 791 

Hydraulics, chute spillways, 216 
morning glory sphlway, 229, 236 
shaft spillways, 229, 236, 241 
side channel spillways, 218, 225 
“Hydro-Electric Handbook,” Creager 
and Justin, 356 

Hydrograph, computations, 193 
hypothetical, 192 
natural, 155 
reservoir inflow, 177 
S-curves, 167 
spillway design, flood, 204 
subdivision of, 157 
unit, 160, 173 
adjustments, 170 
isolated storms, 160 
major flood records, 162 
peak discharge, 164 
selection of, 175 
synthetic, 162 

Hydrostatic pressure, relief of, 53 
Hyetographs, rainfall, 143 
snow-melt plus rainfall, 192 


lee, against flashboard, 876 
air jets for preventing, 913 
melting by air bubblers, 876, 913 
Ice pressure, 270, 271 
earthquake effect, 272, 285 
on controlled crests, 399 
gravity dams, 315 
reinforcement for, 386 
Ice troubles, 911 
Imperial Dam, 55 
drainage, 71, 72 
end sill, 83 
foundation, 68 

Impervious material, suitability of, 37 
upstream facing for rock-fill dams, 816 
Inertia, earthquake loads, 527 
Infiltration, initial loss, 145 
rainfall, 143 
Infiltration index, 145 
computation of, 146 
Inflow flood, 177 

Inflow storage-discharge curves 196 
197 

Inland Dam, 810, 825, 826 
Internal friction, angle of, 274, 619, 620, 
632, 639, 716, 733 

Internal stresses, horizontal, 404 406 
410, 416, 547 
inclined, 402, 416, 547 
principal, 402, 403, 413, 416, 547 
secondary, 401 
shears, 407, 410, 411, 416 
vertical, 404, 411, 413, 416 
Intrusions in core, 794 
Investigation of dam site, 1, 3 
Irrigation engineering, A. P. Davis, 356 
Isohyetal map, 141 
Iwan earth auger, 15 

Jaenichen, P. H., on shaft spillways, 235 
Jakobsen, B. F., stresses in thick arches 
437, 490 

Jarvis, C. S., floods, 100, 123, 127, 206 
Jet, adherence, overflow dams, 361 
deflectors, 86 
shape, with piers, 366 
velocities, overflow dams, 364 
Jobes, J. G., tests, hydrauUe model, 98 
John Martin Dam, 767, 779 
Johnson, J. B., elastic properties of rocks. 
452 

Johnstown Dam, 661 
Joints, buttress, 569, 597 
chute spillways, 213 
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Joints, concrete structures, 614 
construction, effect on sliding, 298 
diagonal, 850 

horizontal, concrete dams, 848 
longitudinal, grouting of, 856 
spacing of, in dams over 200 feet high, 
851 

transverse, concrete dams, 848 
Jones and Minear, grouting, 90 
Jordan Dam, 352 
Jordan River Dam, 562 
Jorgensen, Lars, 556 
Jumbo Dam, seepage line in, 678 
Jump, hydraulic, 75, 77, 396 
Jtirgeonson, Leo, elastic theory, 728 
formula, 731 

Justin, Joel D., flood flows, 100 

Kebir Dam, 808 
Kellog, F. H., pouting, 90 
Kendorco classification, 624 
Kenerson, W. I., 624 
Kennedy, Robert C., dams, 356 
Kensico Dam, 305, 347, 352, 856, 857 
Keokuk Dam, spillway discharge, 366 
Kern, 513, 518, 519 
Keywa3rs, concrete dams, 852, 855 
Khosla (Bose and Taylor), foimdations, 
90 

King, Horace, “Handbook of Hydraul- 
ics,” 372 

Kingsley Dam, 70, 231, 234, 687, 779, 
791, 793, 795, 803 

KnightviUe Dam, 779, 791, 793, 795 
Kochess spillway, 210 
Koechlin, “Mecanisme de TEau,” 356 
Koon Dam, 352 

Kurtz, Ford, on shaft spillways, 236, 240 

La Grange Dam, 352 

La Jogne Dam, 556 

La Prele Dam, 562 

La Regadera Dam, 660 

Laboratory, field, 626 

Lackawak Dam, 779 

Lago d^Avio Dam, 562 

Lago Nero Dam, 562 

Laguna weir, 822 

Lahontan Dam, 49, 779 

Lake Avalon Dam, 661, 810 

Lake Cheesman Dam, ^5, 348, 350 

Lake Francis Dam, 661 

Lake George Dam, 661 

Lake Hodges Dam, 562, 593, 594 
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Lake Lure Dam, 562 
Lake McClure Dam, 351 
Lake Pleasant Dam, 562 
Lake Spaulding Dam, 556 
Laminar flow, 93 
Lancha Plana Dam, 353 
Lane, Campbell, and Price, flow net, 90 
Lane, E. W., “Flow Net and Electric 
Analogy,” 261 
foundations, 90 
Lane’s line of creep, 58, 65 
Langbein, W. B., floods, 156 
infiltration, 206 
Lamer Johnson valve, 925 
Laurgaard, O., on pours of concrete, 612 
Layers, thickness of, 754 
Conchas Dike, 757, 771 
Le Tourneau scraper, 752 
Lenses, criteria for, 797 
recommended requirements, 797 
Levy, Maurice, 266 
Lewin, J. D., chemical grouting, 90 
Life of dams, 40 

Light, Philip, on snow-melt, 189, 206 
Limnology, Welch, Paul S., 276 
Line of creep, 58, 65, 696, 703, 709 
Line of pressure, elastic arch, 468 
Liner of sampler, 23 
Lining of sluice, 916 
Linville Dam, 790 
Liquid limit, definition, 621 
Lithgow No. 2 Dam, 556 
Little Bear Creek Dam, 779 
Loads on dams, Ariel Dam, 506 
buttressed dams, 285, 564 
Copper Basin Dam, 504 
division, trial load theory, 504, 509, 524 
dynamic, 255, 259 
earth pressure, 272 

earthquake forces, 279, 330, 452, 526, 
564 

foundation reaction, 286 
horizontal, cantilever, trial load the- 
ory, 515 

ice pressure, 270, 314, 385, 399 
radial, cantilevers, trial load theory, 
509 

Seminoe Dam, 503 
silt pressure, 272, 377, 381 
subatmospheric, 255 
tailwater, 255, 259, 383, 396 
tangential, 502, 527, 533 
trial loads, 500 

twist moments, cantilevers, 538 
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Loads on dams, uplift, see Uplift 
variable, on arches, 434 
vertical, cantilever, 509, 514 
water pressure, 252, 258, 260, 377, 425, 
453, 489, 514, 590 
earthquake, 282, 330, 526, 564 
w’ave pressure, 274, 314 
w’eight of dam, 277 
wind pressure, 274 
Location, choice of, 4 
Loch Raven Dam, 352 
Lockington Dam, 792 
Loess, 624, 647, 648, 650 
Log chute, 866, 867, 868 
Long Valley Dam, 779 
Longitudinal joints, concrete dams, 855 
grouting of, 856 
Shasta Dam, 855 
Los Arcos Dam, 559 
Lower Otay Dam, 660, 808, 823, 824 
Loyalhanna Dam, stilling basin, 80 
Lugeon, Maurice, “Barrages et Geologic,” 
356, 556 

Lyman Dam, 661 
Macyscope, 9 

Madden Dam, sloping apron, 79 
Magic Dam, 790 
Mahoning Dam, 305, 348, 352 
Maney, G. A., indeterminate stresses, 439 
Manganese in sluicing pipe, 791 
Manning’s formula, 76, 94 
Mapping, aeroplane, 5, 7, 8 
multiplex, accuracy of, 7 
plane table, 8, 9 
Maps, anaglyph, 9 
site, 9 

topographic, 5 
aeroplane, 8 
Mareges Dam, 556 
Marichal, Arthur, 358 
Marsh, L. E., floods, 206 
Marshall Cre^ Dam, 660, 662 
Marshall Ford Dam, 352 
Martin Dam, 352 
Masonry, 300 
allowable stresses, 300 
construction. Baker, Ira O., 300 
inertia of, 281 
modulus of elasticity, 452 
sliding coefficients, 295 
weight of, 277, 454 
Mass rainfall curves, 143 
Material, cohesive, suitability of, 37 


Material, colloidal, 38 
impervious, suitability of, 37 
rough tests for, 37 
selection of, 37, 759 
uncompacted, passage of water 
through, 713 

Materials of construction for earth dams, 
656, 657 

Mathis Dike Dam, 571 
sliding, 55 

Matrimony vine for slope protection, 766 
Matzke, A. E., on hydraulic jump, 98 
jMaurer, E. R., on slab analysis, 575 
Alayer, L. C., infiltration, 205 
McCarthy, E. F., forests and floods, 207 
McCarthy, G. T., flood flows, 131 
McConaughy, Boulder Dam spillway 
tests, 98 

McMillan Dam, 810, 824, 825 
Mead, \V. J., geolog\’, 90 
Meadow Lake Dam, 808 
Mechanical analysis, 621 
blow sand, 623 
borrow pit, hydraulic fill, 790 
clayey silt, 623 
Conchas core, 771 
core, 792, 793 

core and shell, Fort Peck Dam, 800 
fat clay, 623 
loess, 623 

pervious section, Conchas Dam, 772 
sandy silts, 623 
sandy gravel, 624 
sandy loess, 648 
sandy silty clay, 637 
sheU, 795 
silty clay, 623 
silty sand, 623 
IMedina Dam, 352 
uplift, 265 

Meffieri Embankment, seepage line in, 
679 

Merriman Dam, 779 
Miami Dams, 785 

Miami Conservancy District, floods, 137 
rainfall, 206 
Microscope, field, 38 
iVIiddle Branch Dam, seepage line in. 677 
Middle third, law of, 291 
Middlebrooks, T. A., 708 
Milner Dams, 810 
hlinatare Dam, seepage line in, 679 
IMinear and Jones, grouting, 90 
hlinidoka Dam, 810 
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Mitchell Dam, 352 
Mixers, concrete, 611 
Mixing, concrete, 611 
Model, spatial, 5, 7 
Model tests, arch dams, 551 
electrical analogy, 57 
photoelastic, 552 
spillways, 74 
Models, flow nets, 57 
hydraulic, 91 

Modified Kendorco classification, 624, 
625 

Modulus of elasticity, arch equations, 449 
concrete, 452 
foundation, 442, 629 
masonry, 452 
stone, 452, 453 
Mohawk Dam, 91, 685, 779 
Mohicanville Dam, 779 
Mohr, H. A., 21 
Mohr’s circle, 403, 413 
Moisture content, Clendening Dam, 774 
definition, 621 
determining, 760 
optimum, 642 

Molitor, D. A., wave pressures, 274 
Moment deformation, elastic arch, 436 
Moment tailwater effects, 259 
Moment theorem, elastic arch, 460 
Moment, tvist, 526, 538 
Monolithic concrete lining, 763 
Monongahela Dam, baffle piers, 78, 79 
Montejaque Dam, 556 
Morena rock-fill dam, 808, 811, 814 
Mormon Flat Dam, ^ 

Morning glory spillway, 227 
Davis Bridge, 236 
flat-crested, 236 
hydraulics of, 229, 236, 238 
standard crest, 228 
Morris Dam, 305, 348, 353, 779 
stresses at base, 415 
Mountain Dell Dam, 562 
Mud Mountain Dam, 779 
Mudduk Dam, 779 
MulhoUand Dam, 353 
Multiple-arch dam, 560, 562, 566, 592 
596 

arch analysis, 685 
arch forms, 5^ 
arch stresses, 586 
buttress stresses, 591 
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design, 584 

^‘improved type,” 585, 588, 589 
loading, 585 
overflow type, 592, 593 
reinforcement. Lake Hodges Dam, 593, 
595 

stability, 587 
typical section, 560, 561 
Multiple-dome dams, 601 
Multiple-step design, gravity dams, 345 
Multiplex, equipment for aeroplane map- 
ping, 5, 6 
mapping, 7 
plotting, 7 
Murray Dam, 562 
Muscle Shoals Dam, 355 
Musgrave, G. W., infiltration, 205 
Muskrats, 712 

Myer, A. F., flood flows, 125, 127 

Nagler and Davis, spillway discharge, 
366 

Namias, Jerome, rainfall, 206 
Nantahala Dam, 808, 821, 825, 827 
Nappe, aeration of, 256, 257 
coordinates for, 359, 360, 362 
overflow dam, 258 
shape of, 359 

Narrow cores, desirability of, 793 
Narrows Dam, 305, 353 
Natural cement, 605 
Natural hydrographs, 155 
Necaxa Dam, 661, 779 
Needle valve, 924, 927 
Needles, 871, 908 

Nelidov, Ivan M., inclined arch stresses, 
585 

Neutral axis, 436 

New Croton Dam, 305, 347, 353, 779 
Neye Dam, uplift, 265 
Niederwartha Dam, 780 
Noetzli, F. A., Florence Lake Dam, 595 
Lake Hodges Dam, 593 
multiple-arch dam, 567, 585 
roimd-head buttress dam, 560 
stresses in buttress and gravity dams, 
669 

wind stresses in buttresses, 592 
Nomenclature for masonry dams, 247 
Norris Dam, 305, 353 
holes grouted under, 38 
profile, 348 
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Norris Dam, sloping aprons, 79 
Norristo’^m rock-fill crib dam, 816 
North African rock-fill dam, 830 
North BowTnan Dam, 808 
North Crow Dam, 556 

Ocmulgee River Dam, 353 
Oester Dam, uplift, 264, 265 
Ogden Dam, 562 
Olive Bridge Dam, 347, 350 
Openings in dams, multiple, 423 
numerical example, 421 
reinforcing, 420, 422 
stress concentrations, 418, 422 
Operation of core pool, 786 
Operation of crest gates, 895 
Optimum moisture content, 621, 642, 760 
Optimum water content, definition, 621 
Organic impurities, 606, 617 
Osage Dam, 353 
O’Shaughnessy Dam, 353 
Otay Dam (Lower), 353 
Outlet control devices, 914 
Overhang, arch dams, 431 
Overrolling, danger of, 755 
Overtopping, safety against, for earth 
dams, 663 

Overturning, cause of failure, 293 
Owyhee Dam, 353 

Pacoima Dam, 556 
Paddy Creek Dam, 790 
Paint, for waterproofing concrete, 617 
on steel dams, 841 
Palmdale Dam, 562 
Parcel, J. I., indeterminate stresses, 439 
Pardee Dam, 305, 348, 353 
Parker Dam, 269, 556 
Pathfinder Dam, 556 
Patterson, K. E., Swedish geophysical 
method, 731 

Paulsen, C. G., floods, 207 
Pavana Dam, 562 
Peak flows, 99 

Penrose-Rosemont Dam, 808 
steel facing, 817 
Pensacola Dam, 562, 848, 862 
Per cent voids, definition, 620 
Percolation, control of piling foundations, 
302 

path of, 58, 696, 703, 709 
Percussion drill holes for grouting, 50 
Periscopic inspection of drill holes, 36 
Permeability, 645 


Permeability, coefficient of, 646 647 
concrete, 608, 613, 615 
definition, 621 

electrolytic determination, 653 
table of, 649 

determined by Thiem method, 650 
foundation, 57, 650, 653 
horizontal, 668 
vertical, 668 

Pervious material, compaction of, 757 
Peter, E. Meyer, Boulder Dam spillway 
tests, 98 

Philippe, R. R., piping experiments, 708 
Photoelastic analysis, arch dams, 552 
Photographs, aerial, 8 
Pick-up beam, 898, 900 
Piedmont Dam, 780 
Piers, 365 

restriction of flow by, 365, 371 
Piezometers, 73, 705 
Pigeon River Dam, 556 
Pile foundations, 54, 55, 302 
Piling cutoff, 70, 767, 798, 803 
Pine Canyon Dam, see Morris Dam 
Pins, dashboard, 872, 873, 875 
Pipe, rubber lining for sluicing, 791 
sluicing, 789 
composition of, 790 
wear of, 790 
trap, 789 
Pipe drains, 686 
Kingsley Dam, 687 
Sardis Dam, 6^ 

Pipes, beach, 784, 789 
sluicing, friction loss, 787 
velocity, 787 
through earth dams, 710 
window, 789 
Piping, 61, 708 
blow-out gradient, 706, 708 
buttressed dams, 572 
escape gradient, 709 
factor for safety, 63, 709 
flotation gradient, 706, 708 
horizontal, 709 
pile foimdations, 302 
vertical, 708 

Piston-ty^ sampler, 23, 25 
Pit River Dam No. 3, 265, 353 
Pit River Dam No. 4, 562 
Plane table mapping, 8, 9 
Plastic flow, concrete arches, 452 
Plastic foundation, shear in, 731 
Plastic limit, 620, 761 
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Pleasant Hill Dam, cutoff walls, 702 
Pleasant Valley Dam, 660 
Plotting, multiplex, 7, 8 
Plum stones, concrete aggregate, 604 
Poisson’s ratio, adjustments for, 545 
foundation equations, 442, 443, 444 
values, for concrete, 452 
for stone, 453 
Poison Dam, 556 
Ponte Alto Dam, 556 
Porosity, definition, 620 
Porous concrete for slope protection, 764 
Portland cement, 605 
Possum Kingdom Dam, 562, 569, 850, 
855 

Pozzolana cement, 605 
Prado Dam, 780 
Precipitation stations, 141 
Preconsolidation loading, 634 
Preliminary investigation, 3 
Pressure, allowable compressive, 299 
dynamic, 255, 259, 394 
earth, 272 
foundation, 288 
hydrostatic, relief of, 53 
ice, 270, 272, 285, 315, 385, 399 
inclined, 301, 340, 581 
internal, uplift, 260 
overflow crest, 258 
silt, 272, 377, 381 
sluici^, 783, 787 

stability against headwater, earth 
dams, 716 

subatmospheric, 255 
tailwater, 255, 259, 383 
under dams, 71 
vertical, 301, 406, 580 
void ratio curve, 6^ 
water, earthquake, 282, 330, 526, 564 
external, 252, 258, 377, 425, 453, 
489, 614, 590 
wave, 274, 314 
wind, 274 
within dam, 264 
within foundation, 264 
Pressure cells, 704 
readings, in hydraulic fill, 743 
Pressure testing device, 35 
Prettyboy Dam, 353 
Prew^etting, 769, 771 
Price (Lane-Campbell) flow net, 90 
Priest Dam, 780 

Probability curves for floods, 131 
Proctor, R. R., dry density, 274 


Proctor analysis, 643, 644 
Proctor needle, 645, 760 
Protection of top and downstream slope 
766 

Puddingstone No. 1 Dam, 660, 780 

Puddle clay, 767 

Puddling, 711, 752 

Puls, L. G., Wilson Dam, 366 

Pumicite in cement, 605 

Quabbin Dike, 780, 791, 793, 795 
Quaker Bridge Dam (New Croton Dam), 
353 

Quarry, suitability of, 37 
Quick sand, 706 

Quick shear strength curves, 639 

Racks for sluices, 915 
Rainfall, analysis, 141 
bibliography, 205 
excess, 181, 184, 185 
hyetographs, 143 
mass curves, 141 
snow melted by, 190 
Thiessen polygons, 154 
transposed storms, 185 
unit rainfall duration for floods, 158 
unit storms, 159 
Ralston Creek Dam, 780 
Ramser, C. E., values of Kutter’s n, 138 
Randolph, R. R., on hydraulic jump, 79 
Randolph model tests, 98 
Rankine formula, 272, 273, 718, 722 
Rawhouser, Clarence, temperature con- 
trol, 440 

Recession curves, floods, 156 
Reconnaissance, equipment for, 1 
Record storm, transposition of, 184 
Red Bank Creek Dam, baflle piers, 85 
jet deflectors, 86, 88 
Redridge Dam, 834, 836, 838, 840, 841 
Reid, Lincoln, spillway crests, 259, 358, 
361, 369 

Reinforcement, buttressed dams, 569, 
571, 575, 583, 589, 592, 593, 595, 
598 

ice pressure, 386 
openings in dams, 420, 422 
Relief Dam, 808 

Reservoirs, flood routing, 195, 196, 198, 
240 

inflow hydrograph, 177 
life of, 39 
silting of, 39 


Volume I, p^es 1-246; Volume n, pages 247-618; Volume m, pages 619-929 



INDEX 


XXXI 


Resin, Vinsol, 616 
Resistance to sliding, 45, 294, 321 
Resonance, earthquake forces, 281 
Resultant, cantilever, 516 
forces on dam, 286 
required location of, 294 
Retrogression. 89 
Re.ynolds’ number, 92, 94 
Ricobaya Dam, 355 
Ring follower gate, 919, 921 
Rio Puerco Dam, 353 
Rio Salado Dam (Don Martin), 562, 599, 
600 

Ripley, Theron ]M., taintor gate dis- 
charge, 374 
Riprap, 761 
bedding, 763 
concrete, 763 
dumped, 761 
hand-placed, 762 
monolithic concrete, 763 
stone, 763 

Rock, foundation for dams, 300, 301 
on dow'nstream slope, Clendening 
Dam, 773 
Conchas Dike, 770 
Rock drain, 689 
Rock fill, main, 811 
Rock-fill dams, 806 
bibliography, 832 
composite type, 823 
concrete facing, 818 
core, 829 

corewall t3pe, 823 
earth-core type, 825 
freeboard, 822 
impervious facing, 816 
North African, 830 
rock size, 813 

rubble backing of face, 813 
settlement, 820 
sluicing, 820 
spillways, 822 
steel facing, 817 
timber facing, 816 

Rock foundation, care in blasting, 45, 46 
treatment, 46 
Rock Island Dam, 353 
Rock toe, 690, 693 

Rockwell, S. E., on Stony Gorge Dam, 
572, 574, 583 

Rocky River Dam, 679, 790, 792 
Rodriguez Dam, 562, 570 
RoUed fin, 753 


Rolled-fill dam, engineering control, 759 
Rolled layers, depositing, 754 
thickness of, 754 
Roller, passes of, 755 
pressure of, 754 
sheep s-foot, 754, 755 
Roller bearing gates, 871 
Rolling, danger of overrolling, 755 
embankment, 754 
gates, 871, 894 

Roofing in earth foundations, 54, 66, 302 
Roosevelt Dam, 353 

Rossi-Forel scale, earthquake forces, 2S0, 
281 

Rotary drilling of overburden, 15 
Roughness, coeflScient of, model tests, 
94 

Round-head buttressed dams, 560, 561, 
597, 599 

Rio Salado (Don Martin), 562, 599, 
600 

Round Hill Dam, 353 
Rouse, Hunter, experimental hydraulics 
98, 361, 369 

spillway crests, 259, 358 
Routing floods, 195 
Rubber lining for sluicing, 791 
Rubber seal, 853 

Rubble backing, rock-fill dams, 813 
Ruby Dam, 556 
Rugen, O. N,, snow-melt, 206 
Rimoff, bibliography, 205 
concentration near peak, 165 
floods, 155 

ground-water depletion, 157 
infiltration, 143 
initial loss, 145 
Rutter, E. J., floods, 206 

S-curve hydrograph, 167 
Sabrina Dam, 808 
timber facing, 816 
Safe Harbor Dam, 353 
Safety, again s t foundation shear, 727 
against sliding of rock fill, 807 
Safety factor, concrete, 300 
earth dam, against shear, 719, 720 
gravity dams, 303 
hydraulic fill dam, 744, 747 
piping, 62, 709 

psychological considerations, 304 
shear friction, 297 
sliding, 295 
on earth, 296 
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Safety of shells, hydraulic fill, against 
shear, 744 

Safety requirements, earth dams, 662 
Saint Francis Dam, 354, 629 
Salmon Creek Dam, 555, 556 
Salmon River Dam, 556 
Salt Springs Dam, 808, 812, 819, 820, 
822, 823 

Saluda Dam, 680, 790, 792 
Sampler, application of, 25 

diameter of cutting edge, 21, 23 
Fahlquist, 27 

importance of fast, uninterrupted mo- 
tion, 25 
large size, 23 
liner of, 23 
piston type, 23 
small diameter, 21 
Samples, care of, 34 
failure, prevention of, 18 
silt and clay, 17 
imdisturbed, 16, 39 
distortion of, 17, 18 
Sampling, cohesionless materials, 27 
drive, 16 

freezing method, by, 27 
frozen plug, use of, 28 
TniniTnmn disturbance, 25 
undisturbed, 16 
San Dimas Dam, 353 
San Gabriel No. 1 Dam, 211, 810, 821 
San Gabriel No. 2 Dam, 808, 821 
San Leandro Dam, 780 
San Mateo Dam, 353 
Sand, blow, 624, 636, 757, 803 
concrete a^^ate, 606, 608, 609, 610, 
617 

consolidation, 634 
foundation bearing power, 302 
lenses in core, 794 
suitability of, 37 
tests of, 627 
trinity, 15, 634 
Sandy gravel, 624 
Sandy silt, 623 

Santee Cooper Dam, porous concrete 
slope protection, 764 
Santeetlah Dam, 556 
Santiago Creek Dam, 780 
Sardis Dam, 780, 785, 791, 795 
Sarrans Dam, 355 

Saturation, d^ee of, definition, 621 
Savage Dam, 354 

Saylor, WiUiam H., arch dams, 425 


Schley, General Julian L., Fort Peck 
slide, 801 

Schneider, G. R., floods, 206 
Schoklitsch, Annin, hydraulic structures, 
356 

Schorer, Herman, buttresses of uniform 
strength, 570 
Schraeh Dam, 355 
Schrontz, C. C., setup, 277 
Schuyler, J. D., arch dams, 556 
Scimemi, Ettore, ^‘Dighe,” 356, 358 
Scott Dam, 351 
Scottsdale Dam, 661 
Scraper, 752 
Screens, 627 

Seals, for gates, 898, 902, 903, 921 
transverse joints, 853 
Seams, cleaning out, 52 
grouting of, 48, 52 
Secondary stresses, discussion, 401 
Grand Coulee Dam, 415, 416 
Sections, geologic, 10 
Sector gate, 881 
Seepage, bibliography, 90 
earth dams, 663 
earth foundations, 59 
effect of foundation cutoff, 693 
parabola, 666 
partial cutoff, 695 
quantity of, 680 
tests on, 59 

total through and under earth dams, 
682 

without cutoff, 59, 693 
Seepage line, composite earth dam, 672 
computed position, 673 
determination of, 665 
earth dams, 664 
effect of drainage on, 685 
existing earth dams, 677 
observation devices, 704 
pervious foundation, 676 
prediction of, 664, 672, 675 
under cutoff, 695 
Seiches, 276 

Seisnoic prospecting, 12, 39 
Semihydraulic fill dams, 782 
Seminoe Dam, 556 
loads and deflections, 503 
SenecaviUe Dam, 780 
Sepulveda Canyon Dam, 661 
Settlement, 640 
embankments, 758 
rock-fill dams, 820 
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Setup, 276, 277 
Shaft spillway, 227 
flat-crested, 236 
hydraulics of, 229, 236, 241 
Shasta Dam, 79, 305, 348, 354, 854 
Shaver Lake Dam, 354 
Shear, analysis of, in dams, 405, 411 
buttresses, 582 
combined with friction, 297 
deformation equations, 439 
direct machine, 629 
elastic theory, 728 
foundation, 269, 292 
approximate stresses, 725 
elastic theory, 728 
Fort Peck Dam, 801 
safety against, 727 
friction factor, 297 
Grand Coulee Dam, 416 
horizontal, downstream portion of 
earth dam, 717 

upstream portion of earth dam, 718 
hydraulic fill dam, 744 
neglect of, arch dams, 479, 480 
plastic foundation, 731 
Shear machine, triaxial, 631 
Shear sliding factor, ^avity d am s, 321 
Shear strength, definition, 620 
effect of consolidation, 639 
relation to height of dam, 269 
Shear tests of soils, 629 
Sheep’s-foot roller, 754, 755 
Sheet piling cutoff, 70, 763, 798, 803 
Shell, criteria for lenses, 797 
Fort Peck Dam, 800 
hydraulic fill, 791 
lenses of core in, 796 
mechanical anal3^is of, 795 
uniformity coefficient, hydraulic fill, 
791 

Sherman, L. K., floods, 205 
Sherman Dam, 792 
Shing Mun Dam, 355 
Shoshone Dam, 556 
Shovel, diesel, 750 
Shrinkage, arch dams, 434, 439, 450 
cracks in buttresses, 569, 593 
setting of concrete, 451 
Side channel spillways, 216 
hydraulics of, 218 
Sidney gate, 894 
Sill, dentat^, 81 
Silt, 623 


Silt, angle of internal friction, 274, 632 
backwater effect, 376 
carried by streams, 3 
consolidation of, 636 
drive sampling, 16 
dry weight, 273 
earthquake effect on, 286 
effect on uplift, 263 
pressure, direction of action, 273 
on dams, 272, 377, 381 
samplers for, 17 
sluicing of, 272, 805 
specific gravity, 273 
submerged w^eight, 273 
Silting of reservoirs, 39 
Silts, tests of, 627 
Silty clay, 623 
Silty sand, 624 
Silvan Dam, 780 

Silverman, I. K., stress around holes, 419 
Similarity, hydraulic model tests, 92 
Similitude, hydraulic, 92, 95 
Siphons, bibliography, 9^ 
spillways, 871, 909 
Site maps, 9 
Skaguay Dam, 808 
steel facing, 817 
Slab analysis, 575 
Slab and buttress dam, 558 
Slab and column dams, 6(^ 

Slichter, C. S., permeability, soils, 650, 
653 

Slickensides, 756 
Slide, 662, 755, 756, 772, 801 
Slide gate, 871, 916, 917, 918, 921 
Sliding, cause of failure, 293 
coefficient of, 295 
construction joints, 298 
cutoff to prevent, 66 
earth foundation, 296 
prevention of, 296 
resistance to, 45, 294 
safety against rock fill, ^)7 
shear and friction, 297 
shear sliding factor, 321 
stability requirements, 292, 715 
Slope, of beach, 785 
of layers, 757 
protection upstream, 761 
porous concrete, 764 
Slope design, rough methods of, 724 
Slopes, trimming of, 759 
Sluice, 870, 914 
lining, 916 


above diversion dams, 272 
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Sluice, racks for, 915 
silt removal, 272 
Sluice gate, 917, 929 
Sluice lines, mixture carried, 787 
Sluice pipe, 789 
composition of, 791 
friction loss, 787 
head loss, 787 
rubber lining, 791 
velocity required, 787 
wear of, 790 

Sluicing and rock-fill dams, 820 
Sluicing box, 788 
Winsor Dam, 788 
Sluicing pressure, 784 
Slump, concrete, 609 
Smith, Chester W., dams, 356 
Snake Ravine Dam, 661 
Snow, effect on floods, 130, 186 
free water in, 187 
heat transfer, 188, 190 
melt, bibliography, 205 
degree-day method, 191 
meltiog, 188 
by rainfall, 190 
water equivalent of, 187 
Snyder, F. F., floods, 163, 205, 206 
Soft Maple Dam, 680, 792 
Soil, classification of, 621 
flow of water through, 646 
kinds of, 621, 623 
sample, prevention of failure of, 18 
shear tests of, 629 
tests, 619 

bibliography on, 654 
clays, silts and fine sands, 627 
of coarse sands and gravels, 627 
standardization of, 619 
Soil mechanics, definitions, 619 
utilization of, 655 
Solids, percentage, in sluicing, 787 
Somerset Dam, 790, 792 
South Lake Dam, 808, 816 
Spacing of buttresses, 565, 574 
Spatial model, 5, 7 
Specific gravity, 277 
aggr^ate, 610, 617 
cement, 610 
definition, 621 
silt, 273 

Specifications, cement, 605 
concrete, 605 
Spiers Falls Dam, 354 
Spillway, 208, 870 


Spillway, arch dams, 82 
automatic, 882 

Boulder Dam side channel, 224 
chute, 208, 210 
control, 870, 871 
crests, model research, 259 
critical depth, 371 
Davis Bridge morning glory, 236 
design hydrograph, 204 
design storm, 178, 180 
discharge, restricted openings, 366, 372 
emergency, 243 
flat-crested shaft, 236 
model tests, 74 
morning glory, 227 
hydraulics of, 229, 236, 238 
standard crest, 228 
required capacity, 192 
rock-fill dams, 822 
rock-fill timber crib, 816, 822 
shaft, 227 

hydraulics of, 229, 236 
standard crest, 228 
side channel, 216 
hydraulics, 218 
Tieton Dam side, 217 
siphon, 909 

special type, discharge formula, 370 
submerged, flow over, 372 
Spitallamm Dam, 355 
Stability, buttressed dams, 579, 587 
concrete dams, by D. C. Henny, 266, 
297 

crest gates, 364, 397 
earth dams, 715 
bibliography, 748 
gravity dams, 266, 293, 297 
hydraulic fill, 742 
masonry dams, 291 
multiple-arch dams, 587 
numbers, Taylor, 737 
requirements, sliding, 292 
Swedish geophysical method, 731 
timber dams, 845 
Stadia, 9 

Stage grouting, 49 
Standard crests, classification, 358 
coordinates for, 359, 360, 362 
design head, 357 


discharge coefiScient, 367 
shape and dimensions, 357 to 364 
Standley Lake Dam, 780 
Stanislaus Dam, 807 
Stanley, C. M., stilling basin design, 98 
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Stauwerke gate, 884 
Steel arch dams, 841 
Steel dams, 834 
application of, 43 
bents, 838 
bibliography, 841 
cantilever t5rpe, 835 
contraction, 838 
costs, 841 
deck girders, 838 
durability, ^1 
expansion, 838 
face plates, 836 
foundation, 840 
painting, 841 
quantities, 841 
slope of face, 836 
Steel facing, rock-fill dams, 817 
Steel sheet piling cutoff, 70, 694, 695, 
768, 798, 803 

Steele, Byram W., concrete, 604 
concrete cooling, 451 
construction joints, 849 
Steele, I. C., rock-fill dams, 813 
Salt Springs Dam, 818 
Sterns, Frederic P., earth dams, 683, 688 
Stevens, J. C., model tests, 98 
Stevens Dam, 779, 828 
Stevenson, Thomas, wave height, 274 
Stevenson Creek Dam, model tests, 552 
Stevenson Dam, 354 
Stewart Mountain Dam, 556 
Stickney drum gate, 878 
Stilling basin, 77, 80, 82, 83, 86 
Mohawk Dam, 91 
Stone for riprap, 763 
downstream slope protection, 766 
properties of, 452, 453 
Stoney gate, 885, 886, 887, 888 
Stoney River Dam, 46 
cutoff, 55 

Stony Gorge Dam, 562, 572, 573, 574, 
576, 577, 579, 583 
Stop logs, 871, 907 
Stops, water, 701, 820, 853 
Storage, effect on floods, 128 
valley, 129 

Storms, transposed, 184, 185 
Stratton, J. H., Conchas Dam, 305 
Strawberry Dam, 808 
Stress concentrations, fillets, 414 
Grand Coulee Dam, 415 
holes in plates, 417 
Morris Dam base, 415 


Stress concentrations, openings in dams, 
418 

reinforcement for, 420 
Stress-strain curves, 632 
Stresses, allowable, in concrete, 300 
in masonry, 300 
base of dams, 415 
beam, in buttresses, 567 
compressive, rules for, 299 
concentrations in foundations, 415 
dam faces, 404 

foundation, 288, 290, 415, 416 
Grand Coulee Dam, 415, 416 
heel and toe, 413 

horizontal, 404, 406, 410, 416, 547, 582 
inclined, 299, 302, 402, 581 
Morris Dam, 415 
oblique planes, 402 

principal, 402, 403, 413, 415, 416, 547 
secondary, 401, 415, 416 
temperature, 434, 439, 450, 482 
vertical, 288, 302, 404, 411, 416, 547, 
568,580 

Stripping for earth dams, 750 
Structures, precaution around, 758 
Sturgeon Pool Dam, 354 
Subatmospheric pressure, 255 
Submerged dams, discharge coeflScient, 
373 

Subsurface exploration, 9, 10 
chum drilling, 14 
earth augers, 15 
electrical, 12 
methods of, 12 

rotary drilling, overburden, 15 
seismic, 12 
test pits, 13 
wash borings, 14 
Suction dredges, 784 
Sudden drawdown, earth dam, 723, 740, 
747 

Surcharge storage, 202 
Surface finish, concrete, 612, 613 
Surry Mountain Dam, 780 
Sutherland, Robert A., dams, 350, 556, 
562, 778 

Sutherland Dam, 562 

Svirstroy Dam, foundation, 70 

Swansea Dam, 661 

Swedish geophysical method, 731 

Swedish piston-ty^ sampler, 23, 25 

Sweetwater Dam, 354 

Swift Dam, 808 

Swinging Bridge Dam, 790, 792 
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Symbols for masonry dams, 247 
Synthetic unit hydrographs, 162, 169 

T-beams, buttressed dams, 568 
Tabeaud Dam, 682, 780 
Table Rock Cove Dam, 660 
Tailwater, dynamic effect, 255, 259 
hydraulic jump, 75, 396 
reaction, 259, 3^, 396 
Taintor gate, 871, 891, 892, 904 
Talla Dam, 766 
Tallulah Dam, 354 
Tampers, compressed air, 758 
Tangential loads, 502, 527, 533 
Tappan Dam, 660, 756 
Tar coating for water proofing, 617 
Taylor Park Dam, 780 
Taylor’s stability numbers, 737 
Taylorsville Dam, 792 
Temescal Dam, 780 

Temperature, control, concrete, 615, 848 
cracks, concrete structures, 615 
stresses, 434, 439, 450, 482 
variation, arch dams, 434, 439, 450 
Florence Lake Dam, frost damage, 
595 

ice pressure, 270 
multiple arches, 585, 587 
radial, 440, 451 
Tepuxtepec Dam, 808 
Terrace Dam, 780, 792 
Terzaghi, Karl, el^tic theory, 728 
piping experiments, 708 
retaining-wall design, 273 
stability of gravity dams, 266 
Test pits, 13 

Testing, borings by pressure, 36 
concrete, 604, 617 
device for borings, 35 
Tests, clays, 627 
coarse sands and gravels, 627 
concrete and concrete materials, 617, 
628 

field, during construction, 626, 760 
fine sands, 627 
foundation materials, 628 
hydraulic model, bibliography, 98 
similarity, 92, 95 
model, spillways, 74 
rou^ field, 37 
shear of soils, 629 
silt, 627 

soil, 619, 627, 654 
soils, bibliography, 654 


Tests, triaxial shear, 631 
Thermal expansion, coeflScient of, 451 
concrete, 604 

Thiem, G., permeability determination, 
650 

Thiessen polygons, 154 
Thoma, D., 369 

Thomas, Harold A., erosion control, 73 
Thompson, Milton J., fluid mechanics, 
259 

Three-centered arch, 495 
Tides, 276 
Tidone Dam, 562 
Tieton Dam, 217, 780, 790, 792 
Tiger Creek Dam, 562 
Tilting gates, 871, 884 
Timber crib dam, 844 
Timber dams, 843 
A-frame type, 843 
advantages of, 843 
application of, 42 
beaver type, ^5 
choice of t}^, 846 
erosion, 846 
foundation, 846 
limitations of, 847 
stability, 845 

Timber facing for rock-fiU dams, 816 
Time of consolidation, 640 
Time per cent consolidation curve, 638 
Timoshenko, S., elastic theory, 417, 728 
location of neutral axis, 436 
shear modulus, 449 
Tionesta Dam chute spillway, 208 
Tirso Dam, 562 
Titicus Dam, 354, 780 
seepage line in, 677 
Toe, rock, 690 
Toe hold, 45 

Top protection, earth dams, 766 
Top width, nonoverflow dam, 307 
Topographic maps, 5 
aeroplane, 8 
drafting, 8 
Topography, 5 
aeropl^e mapping, 5 
Trac-truck, 753 
Tractor gate, 920, 921 
Tranco de Dam, 355 
Transmission constant, definition, 621, 
647 

Transposed storms, 185 


Transposition of record storm, 184 
Transverse joints, concrete dams, 848 
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Trap pipe, 789 
Trapezoidal section, 287 
Trautwine, J. C., 358 
Trestles, concrete placement, 611 
Trial load theory for arch dams, 500 
Trial mix of concrete, 608 
Trimming of slopes, 759 
Trinity sand, 15, 6^ 

Triple-arch dam, 602, 603 
Truck-moimted gate, 871, 891 
Truyere Dam, 355 
Tubing, thin-walled, 21, 23 
Turbulent flow, 93 
Turlock Dam, 352 

Turneaure, F. E., on slab analsrsis, 575 
Twin Falls Dam, 354 
Twist deflection, arches, 541, 542 
cantilevers, 538, 545 
Tvdst moment, cantilevers, 538 
estimating for arches, 526, 543 
Tygart Dam, 305, 348, 355, 859 
Tytam Bay Dam, 683 

Uncompacted material, passage of water 
through, 713 

Undermining, cause of failure, 293 
Undisturbed samples, distortion of, 17, 18 
report on, 39 
Undisturbed sampling, 16 
Uniformity coefficient, definition, 620 
hydraulic fill shells, 791 
Unit hydrograph, 158, 162, 170, 173 
adjustment, 170 
major flood records, 162 
peak discharge, 164 
selection of, 175 
synthetic, 162, 169 
Unit loads, for arches, 548 
for cantilevers, 550 

U. S. Bureau of Reclamation, dams and 
control works, 90 

U. S. Engineers, Los Angeles, flow net, 90 
Uplift, 260 

areas subject to, 260, 264 
bibliography, 90 
buttressed dams, 264, 564, 572 
caused by grouting, 51 
constants recommended, 269 
control of, 262, 296 
earth foundations, 268 
earthquake effect, 284 
effect of silt, 263 
effect on resultant, 294 
equation for, 267 


Uplift, examples of assumptions, 268 
existing gravity dams, 265 
explanation of, 260 
flow-net, 55, 64, 261 
Levy, ^Iau^ice, 266 
measured by piezometers, 73 
normal, 515 

observed intensities, 265 
pervious foundation, 55, 261 
practical diagram, 267 
under aprons, 87 

value of constants for design, 268 
with foundation reaction, 290 
Uplift and seepage under dams on sand, 
261 

Uplift pressure on dams, 63, 260 
Upstream blanket, 68, 6^, 696, 785, 805 
Upstream slope, concrete lining, 763 
Upstream slope protection, 761 
Upturned bucket, 81 
Grand Coulee Dam, 82 
Utica Dam, 661 

Vacuum, overflow dam crest, 357 
Vallecito Dam, 780 
Valley storage, 129 
Valve, 917, 929 
Howell Bunger, 928 
Lamer Johnson, 925 
location in sluices, 916 
needle, 924 to 927 
Reclamation Service, 925 

slide, 871, 916, 917, 918, 921 
Valves and sluices, 915 
Van den Broek, J. A., elastic energy the- 
ory, 439 

Variable-r^us arch dam, 431 
Variation, coefficient of, 134, 136 
V^table matter, removal of, 751 
Velocity, critical, 93, 371 
in sluicing pipes, 787 
of approach, effect on discharge, 366, 
369, 371, 392 

effect on shape of crest, 358, 392 
Velocity head, backwater curves, 376 
effect on pressure, 256 
Venina Dam, 562 
Ventilation of sluice gates, 916 
Vertical elements of arch dams, 500 
Vibration, concrete, 611 
periods, 282 
Vinsol resin, 616 
Viscosity of water, 92 
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Vogel, H. D., tests, hydraulic models, 98 
Vogt, Frederik, deformation equations, 
441 

Void ratio, critical, 636 
definition, 620, 635 
Trinity sands, 15, 634 

Wachusett Dam, 355 
Wachusett Dike, 678, 780 
Waggital Dam, 356 
Walnut Grove Dam, 808 
Wamock, J. E., crests for overfall dams, 
359 

Wash borings, 14 

Water, for concrete, quantity, 608, 609, 
610 

flow through soils, 646 
free passage of, through dams, 710 
passage through uncompacted ma- 
terial, 713 
viscosity of, 92 
weight of, 252 

Water cement ratio, 608, 609, 610 
Water content, definition, 621 
Water pressure, arch dams, 453 
center of application, 253 
dynamic effect, 255 
earthquake, 282, 330, 526, 564 
external, 252 
internal uplift, 260 
multiple-arch dams, 590 
tailwater, 255 
vertical, 514 

Water stops, 701, 820, 853 
Waterproofing, concrete, 616 
Wave pressure and heights, 274, 314 
Wear of sluice pipe, 790 
Weaver, Warren, uplift, 64, 261 
Weaving of embankment, excessive, 754, 
756 

Webber Credk Dam, 602 
Webber Dam, 562 
Weber's number, 93 
Weep holes, foundation slabs, 572 
Wegmann, Edward, dams, 309, 356, 556, 
560, 567, 569, 593, 595, 603 
Weight, see also Density 
of concrete, 277 
of crest gates, 906 


Weight, of foundation, 278 
of masonry, 277, 454 
of silt, 273 

of sluicing mixture, 787 
Weir, aeration of, 256, 257 
broad-crested, 370, 372, 373 
discharge capacity, 364 
forces on, 255 
negative pressure on, 258 
shape of nappe, 357 
sharp-crested (not aerated), 257 
Weiss, Andrew, Don Martin Dam, 599 
Weisse Dam, 660 
Welch, Paul S., limnology, 276 
Well drilling, 15 
Well point drains, 71, 684 
Wenzel, Leland K., 651 
West Julesburg Dam, 661 
Westergaard, H. M., earthquake pres- 
sures, 282, 283 
Weston, R. S., 305, 356 
Wetting embankment, 754 
White Salmon Dam, 355 
Wichita Falls Dam, 791, 792 
Williams, C. P., Rodriguez Dam founda- 
tion, 570 

Willocks, Sir William, floods, 138 
Wilson, H. M., irrigation engineering, 356 
Wilson, W. T., on snow-melt, 189, 206 
Wilson Dam, 355, 366 
Wilwood Dam, uplift, 265 
Wind pressure, 274 
Wind velocity, 274 
Window pipe, 789 
Winsor Dam, 781, 788, 791, 795 
Wire cutting, 23 
Wissota Dam, 683 
seepage line in, 680 
Wolf Creek Dam, 355 

Yadkin Narrows Dam, 305, 353 
Yamell, D. L., rainfall, 206 
Yarrow Dam, 781 
typical cross-section, 699 
Youghiogheny Dam, jet deflectors, 86 


of earth, 273 
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Ziegler, P., “Der Talsperrenbau,” 356 
Zola Dam, 556 

^^^Zui^er Zee formula for setup, 277 
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